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PREFACE 


I DA FREUND had been for many years before her deatli 
a naturalised British subject, but was Austrian by birth. 
Left an orphan while still quite young, she was brought up 
by her grandparents in Vienna, and received her early educa¬ 
tion at a Burgerschule in that city. Afterwards she took the 
diploma of a State Training College for teachers, and the 
experience there gained in the study- of continental methods 
broadened her outlook and was possibly the origin of* the 
interest in the profession of teaching and sympathy with 
teachers which were to become marked characteristics of her 
later career. She then came to England to make her home 
with her uncle, the violinist Ludwig Straus, well known to 
music lovers as a member of the Joachim quartet. Her uncle 
sent her to Cambridge, where as a student of Girton College 
she took the complete honours course in Natural Sciences, 
and in 1886 was placed in the first class of the second 
part of the Natural Sciences Tripos for her knowledge of 
chemistry. 

In the following year she began her life’s work as a 
teacher at Newnham College where she laboured till her 
retirement in 1912. At that time women students were not 
admitted to the University Chemical Laboratory until they 
had passed Part I of the Tripos, and thus Miss Freund was 
entirely responsible for the laboratory training of the majority 
of her students, many of whom came up to College with little 
or no knowledge of chemistry. 

Triumphing over disabilities due to physical infirmities 
and indifferent health such as would have daunted a less 
intrepid spirit, she devised and elaborated for her first year 
students a course of practical work supplemented by short 
lectures, demonstration experiments and discussions, and 
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these form the basis on Avhich this book rests. In 1904 she 
published a considerable work entitled The Study of 
Chemical ComiyosiUon^ which carried her influence as a 
teacher far beyond the limits of her own laboratory. The 
orderly arrangement of the book, the fulness of its historical 
references, and the quotations often of considerable length 
from the original papers in which the fundamental laAVS of 
chemistry Avere enunciated and established by their dis¬ 
coverers give it permanent value as a students’ “ source book ” 
of chemical theory, and secured for it a favourable reception. 
This encouraged Miss Freund to attempt to bring to the 
notice of other teachers her vieAvs as to the manner in Avhich 
students might be helped to realise that chemistry is a science 
based on experiment and that the logical interpretation of 
experiment leads directly to the generalisations knoAvu as the 
laAvs of chemistry. Miss Freund had a dread of thoughtless 
experimenting and slipshod thinking. She felt strongly that 
much that passes for training in science has little relation to 
scientific method and is of small educational value. The 
scheme of practical Avork which she arranged for her students 
Avas designed to include not only the performance of many of 
the experiments usually found in an elementary course, but 
also the repetition in a simple form of experiments historically 
interesting and of fundamental importance to the theory of 
chemistry, and such that the manipulative difficulties inA’^olved 
Avere not too gTeat to alloAv of the attainment of a reasonable 
degree of accuracy in the hands of beginners. By directing 
special attention to the sources of error inherent in the 
methods employed, by distinguishing carefully betAA'een Avhat 
Avas taken for granted and Avhat Avas really proved, and by 
getting her students to compare the accuracy attained in 
their illustratiAC experiments Avith that of the most trust- 
Avorth3’ Avork on the subject, she Avas able to arouse the 
critical faculty’ and to give some insight into the methods and 
aims of the science. To quote her oAvn Avords, “ I aimed at 
giving hy means of class teaching not onlj^ a common ground 
of knoAvledge, but also a common standard concerning the 
nature of scientific proof and the meaning of real accuracy 
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to a number of students differing greatly in knowledge of 
chemical facts and manipulative experience. As was to be 
expected, I find that in order to make a connected and fairly 
proportioned book, gaps have to be filled in between the 
experiments, and a connecting story has to be supplied so as 
to make it clear where and how the experiments fit in to the 
fabric of the science and to establish a sequence ; as a matter 
of fact I have to write what I used to give in every demon¬ 
stration as a half hour’s introductory lecture. This connecting 
story has turned out very long in the chapters already written 
...but I have got to feel convinced that this is a necessity, and 
even to think it possible that it may prove an advantage, 
raising the book above the scope of a mere laboratory 
manual.” 

After her retirement fi’om active teaching she began to 
arrange the material collected in her laboratory note books 
and students’ records with a view to describing a series of 
illustrative experiments such as she had found specially 
suited to her needs. The Syndics of the Cambridge University 
Press, the publishers of her first book, having expressed their 
willingness to bring out a second work from her pen, an agree¬ 
ment was signed in November 1913, and almost up to the time 
of her death, whicli followed an operation in May 1914, Miss 
Freund was busily engaged in preparing the manuscript for the 
Press. The book was planned to consist of twenty chapters; 
tlie first ten are those which appear here, the rest were to have 
dealt with the detailed study of water, oxygen and hydrogen, 
and with the consideration of acids, bases and the classification 
of oxides, and were to have included a discussion of the law 
of mass action, of oxidation and reduction and of the con¬ 
ditions which modify chemical change. 

The first ten chapters were left by Miss Freund almost 
ready for the Press. They would have formed the larger part 
of the book and the part in which she was most interested, 
and are not only complete in themselves but also give a clear 
idea of lier views and aims. Further they exhibit many and 
characteristic differences from the ordinary text book of 
experimental chemistry. For these reasons it was decided to 
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Xjroceed with the printing of this section, and to us as personal 
friends of Miss Freund of long standing, and Avell acquainted 
with her ideas, was entrusted the duty of seeing the book 
tlirough the Press. As editors our task has been a light one; 
we have corrected a few obvious slips, made a few verbal 
changes, and here and there slightly altered the construction 
of a sentence, where we deemed that by so doing Miss Freund’s 
meaning would be more clearly expressed. We have scru¬ 
pulously refrained from making any omission, addition or 
alteration which should in any way conflict with or obscure 
her intentions. To Mr Peace, the University Printer, and 
to his staff, we desire to express our best thanks for the 
patient kindness with which they have endeavoured to carry 
out our vicw.s as to the way in which justice should be done 
to the somewhat complicated system of headings and sub¬ 
headings indicated in the manuscript, and for the care which 
they have devoted to the reproduction and arrangement of 
the diagrams. 

All teachers worthy of the name strike out lines of their 
own and devise their own schemes, and it is unlikely that 
many will feel inclined to conduct their students through the 
whole of the work here detailed. But feeling as we do that 
Miss Freund’s criticisms of methods still current are just and 
that many valuable suggestions are to be found in the following 
pages, we commend them to students and teachers alike, in 
the belief that much may be learnt by e.xamining methods 
which have stood the test of practical experience in the 
laboratory of a teacher richly endowed with the critical 
faculty, keenly sensitive to fallacious reasoning, and quick to 
detect an unwarrantable assumption. 

A. Hutchinson. 

M. B. Thomas. 

Aiujtiiit 1920 . 
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INTRODUCTORY 


1. Method of treatment indicated by title. 

In the title “ Suggestions for a series of experiments 
illustrative of the fundamental principles of chemistry,” the 
introduction of the terms ‘ suggestions ’ and ‘ illustrative ’ 
has been intentional and deliberate. 

1. Suggestions. 

In the first place the word migyestiona is intended to convey 
that in tliegreat majority of experiments dealt with, the method 
adopted and the experimental procedure to be followe<l will be 
indicated in outline only, minor details and elaborate descrip¬ 
tions of apparatus being avoided. It is hoped that the figures, 
which generally are at least approximately to scale, together 
with the tiibulated records of the experimental work involved, 
will convey/><?r5e a considerable amount of information as to 
the nature, size and arrangement of the apparatus employed, 
the special kinds and quantities of materials used, and the 
degree of accuracy aimed at in the various measurements 
involved, thereby supplementing the intentionally restricted 
amount of verbal direction and description. Moreover, it is 
assumed that the students have access to standard manuals 
of practical work (such as Clowes’ Practical CheiHiairy^ Clowes 
and Coleman’s Quantitative Anali/6is)y and that they will be 
encouraged to consult these whenever the instructions given 
in tiiis book do not suffice to make clear, before the experiment 
is begun, the principle and the technique of what it is proposed 
to do : how to obtain an answer, as satisfactory and conclusive 
as is possible under the circumstances, to the definite ques¬ 
tion about to be put to Nature. The additional information 
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I'cquired will vary in amount according to the average 
attainments of the class and the individual needs of specially 
backward or specially advanced students; how much of this 
must be given by the teachei’ and how much can be left to the 
pupil's individual effort depends, of course, on the special 
conditions. Obviouslj' the greater tlie call on the learner’s 
independence, originality and ingenuity, the better. 

In each experiment, with the object of accomplishing a 
desired effect, directions are given for the carrying out of 
certain processes ; the word suggestions is used in order to 
convey the fact that the apparatus depicted, the procedures 
described, do not represent the only or even the best possible 
means of accomplishing this effect, but merely that these 
schemes of work lend themselves to the obtaining of results 
such as those quoted, and that they have been selected because 
of their simplicity. It will tend to increase the efficiency of 
the work all round if variety is encouraged, some members 
of the class, guided by books and their own ingenuity, carrying 
out the e.xpcriinent with modifications in detail or even in 
principle. Thus, for showing the increase in weight of iron 
on being heated in air {post, pp. 55 and H6\ one student could 
use finely divided iron held by a horseshoe magnet suspended 
from a hook of a balance, while another could pur.sue the more 
common plan of idacing the iron in a dish, crucible or open 
tube ; or again, the means of collecting for purposes of 
measurement the hydrogen evolved by the action of mag¬ 
nesium on dilute acid can be made the subject of a compe¬ 
tition, the pupils being set to discover how many different 
simple methods they might employ. 

2. Illustrative Experiments. 

In the secoml place, the substitution of ‘illustrative ex¬ 
periments ’ for the current term ‘ experimental proofs' is 
intende<l to define from the outset the attitude of strong 
disapi)roval taken by the author towards the use of the 
words research, discoverg, proof \\\ connection with the work 
done and the results obtained by the average student working 
in a school or college laboratory. 
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(1) It is considered of the utmost importance to impress 
on the students that the result of one experiment, or even of 
three or four fairly concordant ones, does not constitute a 
proof unless the amount of preliminary work, the nature of 
the relation investigated, the precautions taken, the prestige 
due to the personal skill and experience of the experimenter, 
have, separatelj' or conjointly, created a special and excep¬ 
tional case. ‘ Special cases ’ of that kind actually occurred 
in Lavoisier’s experiment with mercury calx and in Pasteur s 
experiment by which laevo-tartaric acid was produced, but 
even in those realms of scientific research where the giants 
reign, such instances are rare. These two examples so well 
emphasise the point that they are worthy of tuller <lescription. 

(rt) Lavoisier, by one experiment, involving the quanti¬ 
tative synthesis and complete analysis of mercury calx', 
supplied irrefutable deductive proof of the true nature of 
combustion, including the elucidation of the part played by 
the air and the composition of air. 

(fo) When Pasteur first announced that, starting from 
racemic acid, he hatl been able to prepare a substance in 
every way identical with ordinary tartaric acid, except that 
it rotated the plane of polarisation to the left instead of to 
the right, he was required to produce jjroof oi this unexpected 
and startling phenomenon by making a specimen ot the new 
laevo-tartaric acid under the personal supervision of Biot, at 
that time the dmjen of French scientists, who himself supplied 
all the necessary materials. This episode in the history of 
Pasteur’s great discoveries deserves to be told in detail, with 
such explanations as arc necessary fi>r the proper under¬ 
standing of the points at issue. 

Tartaric aci(l and racemic acid are both obtained from 
grape juice, and are substances which even before Pasteur’s 
classical research had already played an important part in 
the development of chemical theory. As far back as 1829 
Berzelius had shown that these two substances, though differing 
in important physical and chemical properties, had the same 

* Freund, Study of Chemical Composition, pp. 51 et sey. -, Muir, Heroes oj 
Science, Chemists, pp. 87, 88; Lewis, Inorganic Chemistry, 1907, pp. 243, 244. 
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composition, i.e. contained the same constituent elements— 
carbon, hydrogen and oxygen—united in the same ratio. This 
was one of the fundamental observations fi’om which was built 
up the doctrine of isomerism. Later on it was shown that 
the difterences between tartaric acid and racemic acid extend 
to their optical properties, in that whereas a solution of 
tartaric acid rotates the plane of polarisation to the right, 
racemic acid is optically inactive. Pasteur, who in 1848 took 
up the study of these acids and their salts, found the property 
of oi^tical activity definitely related to the crystallographic 
property termed * hemihedrisin,’ which consists in the exhi¬ 
bition by the crystal of a number of faces all turned in the 
same direction, either all to the left or all to the right (fig. 1). 

Tartaric acid and ail its optically active salts exhibited 
hemihedrisin, the crystals showing a number of faces all 
turned to the right, whilst optically inactive racemic acid 
and its salts showed no signs of such iinsynimetrical crystallo¬ 
graphic development. But the generalisation thus arrived 
at from the study of a large number of salts seemed at first 
to break down when applied to the double salts sodium- 
ammonium tartrate and sodium-ammonium racemate. Ex- 
])eriment showed that the optically active tartrate was 
liemihedral, but that, contrary to expectation, the optically 
inactive racemate uas liemihedral also*, 

...Oiilv, the hetiiihcclral faces which in the tai'tiate were all turned the 
same way, were in the racemate incline<l sometimes to the right and some¬ 
times to the left....! carefully sei>.'iratc<l the crystals which wore liemihedral 
to the right from those hemihednil to the lefCaml examined their solutions 

sciiarately in tlie iiolarisiiig appanitus_'I’he crystals liemihedral to the 

right deviated the plane of polarisation to the riglit, ami those liemihedral 
to the left <ieviatecl it to the left; and when I took an eijnal weight of each 
of the twt> kinds of crystals, the mixed solution was imlilfercnt towards the 
light in eonse<iuence of the neutralisation of the two equal and opposite 
deviations. 

Tlie announcement of the ah»)ve faets naturally plaeed me in commu¬ 
nication with IJiot, who was not without iloubts regarding their accuracy.... 
He made me come to him and rejieat before his eyes the <lecisive exiieri- 
meiit. He handed over to me .some racemic acid which he liad himself 
previously studied with particular care, and which ho had found to be 

' Soduim-aniinoiiiiim racenmle is inactive and the ci^’stals are symmetrical 
(tij?. 1 (/)). but witen crystallised from water at ordinary temperatures it splits 
up into dextro and laevo tartrates, the former identical with ordinary sodium- 
ainmoniuiii tartrate, tlie other the new substance discovered by Pasteur. From 
these salts the two corresponding tartaric acids (tig. 1 (c) and (d)) can be prepared. 
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perfectly indifferent to polarised light. I prepared the donhlc salt in Iiis 
presence, with soda and ammonia which he had likewise ilcsircd to provide. 



Fig. 1. 

(a) and (0). Doxtro and laevo sodium ummonium tartrate tetrahydrute (Pasteur). 
Note in fig. («) tlie presence of a face o between C and m and the absence 
of such a face between C and m’. (/y) is the mirror image of (n). 

(c) and (d). Dextro and laevo tartaric acid (Pasteur). The crystals are mirror 
images of one another. 

(#;) and (/). Potassium racemate dihydrate (Pasteur) and sodium ammonium 
racemate monohydrate (after Scncchi). In these two crystals the faces 

m, 0 , q ; m, x, o are symmetrically arranged on either side of a plane at 
right angles to the faces A and C. 
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The liquid >V}is set siside for slow evaporation in one of his rooms. When 
it had furnished about 30 to 4o grams of crystals, he asked me to call at the 
College lie France in order to collect them and isolate before him, by recog¬ 
nition of their crystallographic character, the right and the left ciystals, 
requesting me to state once more whether I really aftirmed tliat the crystals 
which I should place at his right would deviate to the right, and the others 
to the left. This done, he told me that he would umlcrtakc the rest. 

The dramatic denouement is thus described : 


Then the illustrious old man, who was visibly affected, took me by the 
arm and said: “ Mon cher enfant, j’ai tsint aime'les sciences dans ina vie, 
<|Ue cela me fait battre Ic c<eiuv” 

{liemairches on Molecular Asgmmetrg^ Aloinbie Club Rejtrints, No. 14.) 


(c) Another striking illustration of the meaning carried 
hy the words jtroqf and discorery, when these terms are 
applied correctly’ and legitimately, is afforded by a chapter in 
tlie history’ of that youngest and most marvellous of all 
the sciences, radio-activity. When Sir William Ramsay’ and 
Mr Soddy first demonstrated the spontaneous production of 
the element helium from the element radium, this transmu¬ 
tation was not accepted as proved until the same result had 
been observed by others working in different places, with 
difierent apparatus and with different sam])les of material. 


The production »»f lielium from r:i<lium was .soon confirmed by a number 
of inve.stigators. P. Curie and Dewar ])lacc<l about 4(K) milligrams of 
radium bromide in a quartz tube, 'i'lic salt was heated to fusion, ami the 
tvibe cxli:mstcd to a low pressure and then sealc<l The spectrum of the 
gases in the tube was examincHl ‘20 days later by Deslamlres, and gave the 
c<»mplete .spectrum of helium. This e.xpcriinent showed conclusively that 
the j>resence of heli\nn in oUl i-.idium j)rei)arations coiihl not be due to its 
absorption from the air. 

i’K\itherfor<l, Itatliomellre Sabetancoi and their Radiations. 1013.) 


(2) A tendency which .set in a few years ago, and which 
unfortunately still dominates much of the school teaching of 
chemistry, would have us believe that in the course of some 
couple of hours’ work the average pupil can definitely corre¬ 
late an obscr\’o<l eflcct with its cause, can dheorer the nature 
of a chemical rclationshij), or can jnovc a law. We are told 
tliat “ the composition of water is dheorered by burning the 
hydrogen obtained by’ the action of acids on metals the 
girls should be dheoverhty the composition and properties of 
soap. ’ (.'ompare and contrast with this the true evaluation 
of the work of pupil and teacher in the ac<|uisition of scientific 
knowledge as given by Ostwald. In the most delightful of 
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elementary text books*, the main facts of inorganic and physi¬ 
cal chemisti*}’ are dealt with in the form of dialogues between 
a teacher and a pupil. The method is heuristic in the truest 
and best sense, but there is no make-believe, no pretence 
about what the pupil really accomplishes himself and what 
is done for him. Thus in the investigation of tlie effect of 
varying pressure on the volume of a definite quantity of air 
confined over mercury, a number of corresponding measure¬ 
ments are made in the usual wav- an<l tlie results recorded in 

V 

tabular form. • 


Pupil. Wliat U tijo ujsC «)f that ! 

Teacher. I want to show you luur to (Hkc -cer a law <if' ualure. 

And when, after a number of explanations, directions and 
trials, the relation = constant has been formulated: 

Teacher. Right. Now you i»ave found the law which connects the 
pressure and tlie volume of air witli each other, or make.s them <lependcnt 
upon each other. 

Pupil. I should never have found that out without your help. 

Tecu'her. I quite agi*ee. 

Pupil. I say, did you find it out by youi*self I 

Teacher. No. An English physicist !»ame«l Hoyle discovered it more 
than 2j50 years ago, and it goes by the name of Boyle’s Law. 

Moreover, explicit and emphatic protests come from 
teachers of high standing and experience, who in the 
strongest possible terms condemn an attitude which, re¬ 
garding the learning of elementary science as the making 
of a scries of discoveries, is nothing better than a make- 
believe fraught with grave intellectual danger. 


The di.scovery of physical law.s by the average pupil .seems t() me an 
achievement (piite outside the range of the possible ; no heuristic ]>rocess 
can do away with the prerogative of genius. Of course we can arrange 
matters so as to produce in the piqiils the <lelusion that they have newly 
discovere<l an ohl truth ; but by .such a practice we are deliberately de¬ 
ceiving them about matters so fundamentally important as the growth of 
knowletlge, the nature of re.search and their own a!)ilitie.s. (H. .lohannesson, 
l}ie phijaihalischen L’chuuyett am Sophieurcolgymufi.'iiiim zn Berlin.) 

It is of the utmost imiK>i*tance that in the school teaching of chemistry, 
especially in its elemcntjiry stages, the interpretation of comi>licato*d 
processes slnmhl be avoided'; otherwise the i-esult is almo.st bound to be 
the encouragement of loose thinking and megalomania on tlie part of the 
pupils. This is a very real danger, because again and again we are con¬ 
fronted by a i>e<lagogical requirement which indicates a very low .standard 


‘ Ostwald, Schnlc der Cfiemie. Authorise<l translation by E. C. Hainsay, 
entitleil '' Conrermtioug un Chemistry,'' pub. by Wiloy an-l Son, New Voile. 
Glazebrook, Jlydrostutics, lUOl, pp. \’A) et seq. 
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of jKo f ios.gl.t “The pupils must themselves discover the causes 

this old,v t' f 1 e.xperii„euts suitable for attaining 

Well f H ‘ V '■'>«'“s<-'l' es elaborate the details of these experiments.” 

I, it ttic pupils were capable of tloing all this, they would need no 

hum-n!;?v ^ t'r'’ ^ ability excel a Faradav; a Runsen. What 

a s ^ the foremost of its representative^ has laboured at 

tho ^n,v r ^^’‘;^®»turies, young people ave imw to play at discovenng in 
teachin-V'of ^accomplished in the school 

foi ou Hnnl nf f * '‘i thinking, the pui.ils being mai/e to 

X te tliought similar to those traversed by tf.e great drscoverers. 

•il V.. 1^,1 • T*’"’ “'w !'■ tii^ntical lines. We gui<lc our pupils 

n i^to 1 clisc.veries, aii.fat all .stages we 

tu tons H f " ‘>v mere for- 

SLse so!t 1 ^ tlH»king process, simi>Iv because 

c nsbb , .Vi out.snle the scope of logical inference. What logical 

t cn s!V; . .V ‘ tnercury calx‘, when the calces 

who m imxlnced by heating in air '/ Where does logic come in 

hen in tc.'.ting ttir acnls and ba.ses wc u.sc litmus, a .substance unknown to 
the inajority ot pe<.i.le ? (K. Winderlich, Ln^^/c tu ih r Chemic.) 

•Siii-oly, tliereforc, tlie more honest, intellectually more 
I>raciiig and eventually more fruitful course is to sweep away 
itll delusions as to what the pupils can discover for them- 
.selve.s, and fui tiier to impre.ss on them at as early a stage as 
po.ssible the fundamental difference between the ^'llustrativc 
exjierimeuts ' they jiei-foriii and real rc.search work. In the 
practical working of the so-called “researcli method’' of 
teaching, what really happens is: under the direction of 
someb(xIy who knows (practically always through other 
people’s M’ork) how a certain desired result can be brought 
about, a certain favourable combination of conditions is 
created, the eflect thereby produced on some specific kind 
of mattei- is observe<l in its qualitative aspect and measured 
in its <iuantitative aspect, and the assumjjtion is then made 
that, except for those intentionally modified, all the conditions 
umlcr which the action proceeds exert no influence on the 
final result. And finally, whatever may be pretended about 
‘di.scovering’ and ‘ iiroving,’ the result so obtained is com¬ 
pared with that according to the standard work on 

the subject, accepted when it agrees with it, rejected when 
it diflers. And yet it is only by tlie judicious use of apparent 
failure, only when some serious attempt is made to trace the 
c;uise of deviation from the staiKlaid result, that the element 
of discovery comes within the scope of the work. But as 

* See oHtey p. 3. 


9 


Introductory 

filings are, the attitude of many teachers of elementary 
chemisti'}" who are considered most progressive and most 
truly scientific has much in common with that of the Alche¬ 
mists of an earlier age. They cry now as then, “ Follow 
Nature ; but then, as now, it was a following in which “ the 
vision was seen before the following began.” 


II. Fundamental difference between students’ illustra¬ 
tive experiments and research work. 

What is it, then, Avhich characterises work intended to 
lead to and culminating in real discovery, real proof, real 
standard measurements ? For one thing, as many as possible 
of the conditions under which the experiment is carried out 
are tested as to their infiuence on the final i-esult : the experi¬ 
ment is performed a considerable number of times, varying 
those conditions which are tliought uninfiuential, and making 
agi cement of the various results obtained a criterion of the 
legitimacy of this assumption. Fven so, in research work 
many (leliberate assumptions are made, but always with the 
limitation that what is assumed has itself been the subject of 
previous investigations at least as trustworthy and accurate 
as those of the special rcsearcli Just being done. The 
best way for the student to realise in its full extent the 
difference between an ‘illustrative experiment’ and a ‘re¬ 
search’ would be to read some good original paper and to 
compare it with tlie corresponding experiment adapted for 
students' use as described in any good text book of practical 
chemistry. A fundamental difference exists between the two 
and though what begins as an ‘illustrative experiment’ may 
of course at any time develop towards a ‘proof’ or really 
become one, this necessitates a fundamental change of method 
and procedure. Good opportunities for learning to appreciate 
this fundamental difference are supplied by tlje following cases : 

(1) The demonstration by syntliesis and by analysis of the 
<iualitative comjiosition of water. 

Compare and contrast the directions for students’ experi¬ 
ments contained in the ordinary text books with Cavendish’s 
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account^ of liis own work which culminated in the state¬ 
ment : 

hen a mixture of inflaminablc and dephlogisticated air [our In'droffen 
and oxygenj is exploded...the condensed liquor...seems pure water, mthout 
any addition whatever; 

and the complementary achievement of Sir Humphry Davy^ 
summarised by iiiin in the words : 

Water chemically pure is decomposed by electricity into caseous 
matter alone, into oxygen and hydrogen. ^ 

But in certain syllabuses we are told ; “The composition 
of water is discovered b}'^"—etc., leaving the impression that 
the achievement of such a discovery is well within the reach 
of the average pupil of school age. 

(2) The deterininatioii of the gravimetric composition of 
water. 

T-he short abstract contained in ^citure^ of Morley’s work 
on this subject should be read side by side witli the directions 
usually given for the use of Dumas’ method in a students’ 
experiments 

(d) T.he determination of the normal density pf hydrogen 
chloride, i.e. the weight in grams of I litre of the*gas at 0^ C. 
and 760 mm. 

This being an experiment which is quite frequently done 
by students towards the end of their school or the beginning 
of their college course, it may be useful to deal with it in 
somewhat greater detail under each of the two aspects which 
it is intended to contrast. 

(«) Students’ illustrative e.xpcriment. 

dhe necessary instructions foi* tlie experimental i>rocedure 
are given on jj. 11, and a suitable apparatus is shown in fig. 2*. 

» Experiments on Air (Alembic Club Reprints, No. 3) ; Thorpe, Essays in 
Historical Chemistry, I'Jll, pp. 92 et seq. 

- Study of Chemical Composition, p. 10. 

- Nature, 63, 1S96, p. 428. 

Ramsay, Experimental Proofs of Chemical Theory, § 38 ; Lewis, Inorganic 
Chemistry, p. 48. 

The appendix at the end of this chapter gives a description of an arrange' 
ment which in the writer’s practice has been found to work extremely well, and 
to repay fully the somewhat greater trouble involved in the setting up. 
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The table on p. 13 indicates the number and kind of measure¬ 
ments to be made, together with the calculation involved, 
and gives the actual results obtained in a series of students' 
experiments. 


Apparatus for determining the Density of 

Hydrogen Chloride. 



C B A ^1 Cj 


FiK. 2. 


The above ai>paratus is recommended by Ramsay in E.rperimental Proofs of 

Chemical 'Jheonj. Tlie substitution of C-> for Cj repiescnts a further siiui>lifi- 

cation of the arrangements there proposed. 

A. Generating flask containing sodium chloride, preferably in the form of 
lumps of rock salt, which is covered with strong sulphuric acid. 

B. Drying flask containing strong sulphuric acid. 

C. Carefully dried density flask, round bottomed mid of about 300 c.e. ca¬ 
pacity, which is tilled with hydrogen chloride by downward displacement 
the appearance of copious fumes at the open neck indicating complete ex- 
pul.sion of air. 

C,. The same Ha.sk fitted for weighing. When the flask, placed a.s in C is 
supposed to be full, the delivery tube is slmciif withdrawn, the well-titt'iug 
good rubber cork quickly aud firmly inserted* and tlie clip opened for a 
second to allow the excess of gas compressed by insertion of the cork to 

‘inangeracut the volume entering into the calculation is 
that of the water filling the flask and glass tube when the cork is inserted 
and carefully pushed in to the amount indicated by a file-mark made on 
the neck of the flask. 

C.,. The same flask with unbored cork (arrangement alternative to C.) After 
slowly withdrawing the delivery tube, the cork is quickly put on flii.sh with 
the opening of the flask, and pushed in firmly to any desired but not fixed 

f volume entering into the calculation 

is that of the whole flask, assuming that the gas dealt with is that wliid, at 
atmospheric pressure completely filled the flask, and was compressed hy the 
insertioij of the cork. ‘ 
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Let us now turn to the main object for which this experi¬ 
ment has been introduced here, namely to show in their proper 
relation the experimental work done and the assumiDtions 
made. x\s a matter of fact these latter are so numerous 
that it may conduce to clearness to deal with them classi¬ 
fied according- as they are related to : (a) the antecedent 

data, (/3) the correctness and the accuracy of the measuring 
instruments used, ( 7 ) the clicmical purity of the substance 
investigated. 

(a) The expression giving the weight of 1 litre of liydrogen 
chloride at (»'’ and “GO mm. 


( 


/ X X 273 X W , 

,r — tr-h - - 1 X lOUO 


(:273 + f)x /GO 


a X 


2/3 X j/ 

X 7G0 

is made up of terms of whicli some, viz. /f, tr, ir\ p\ 

have in the experiment above described been made the subject 
of actual measurement (.see table), whilst others are assumed 
as known from previous work and are accordingly called 
(uitcvcdent data. In the present instance <1, the weight of 
1 litre of air = l':>9 grams, is afiSHmvd as known from previous 
independent work, and it is usual, even if the student has 
himself found and measured this value, to employ the standard 
inimber, which reju-esents the result of a large amount of 
very accurate research. It is further assinned that hydrogen 
chloride and air behave as perfect gases, /.c. tliat the relations 
Ijetween volume, temperature and prcssiu-e are represented 

by the e(|uation ^ (laws of Boyle and Charles), 

which, since //= - , makes it possible to reduce the density 

found for temperature and pressure t and j? to what it would 
be at (T and 700 mm., that is, umler the conditions which for 
convenience of comparison are called normal. It is obvious, 
therefore, that the antecedent data used involve the making 
of a large number of ftfiSfaupfiOHS. 

The ne.xt set of asstitnj^f/oHs relates to the instruments 
used in the measurements of weight, volume, temperature and 



The weight of 1 litre of Hydrogen Chloride at O” C. and 760 mm. pressure. 

The principle of the method consist.^ in finding the weight of a vessel of known volume filled first with 
air and then with the gas (or vapour) examined. 

The density of air at 0°C. and 760 mm. = d = -00129 gram per 1 c.c. is assumed as known. 
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pressure actually made. The arms of the balance may not 
be of equal length*, the weights may not be correct®; the 
measuring cylinder used in the determination of the volume 
of water filling the flask C may not indicate the true volume^; 
the fixed points of the thermometer ma.y have shifted owing 
to slow volume changes in the glass^; the scale of the baro¬ 
meter may require a correction'*. Most likely the magnitude 
of these constant errors is in no case so great as to tell in 
comparison with the experimental error {post, p. 24) involved 
in the readings made, but the fact remains that some ideal 
conditions are postnlated from which the real conditions 
differ by a greater or less, but always appreciable amount. 
Moreover in the students’ experiment the difference between 
ir and fr\ tlie weights of the flask C when filled with air and 
with hydrogen chloride respectively, is taken as due entirelt/ 
to change in the contents of the flask, which involves yet 
another onsiiioptioH, viz. that the buoyancy of the air—the 
weight of air displaced which has to be added to the observed 
weight in order to get the true weight—was exactly the same 
on the separate occasions of the two weighings. But this is 
very unlikely to be the case, and with a flask of about 300 c.c. 
capacity a change of as little as 1 ®C. in the temperature of the 
air will i)roducc a change of 1 mg. in the weight observed 
{post, p. 31). The simple device of counterpoising by a vessel 
t)f ecpial or at least very nearly equal volume, which should 
be resorted to whenever the object is to ascertain small 
changes in weight of apparatus of large volume, is not suffi¬ 
ciently made use of in students’ experiments. 

( 7 ) And finally, there is a whole host of tacitly made 
(issi(nij)ti<tns concerning the purity of the substance investi¬ 
gated. The h 3 alrogen chloride is made in A b^" the action of 
strong sulphuric acid on sodium chloride, and it is assumed 
that what passes over into the flask V is hj'drogen chloride 

* Glazebrook, StntU's, 1904, |>. 153. 

I’indhiy, Practical Phi/sical Chemistry, 1900, pp. 24 et seq. 

Clowes and Coleman, Quantitative Analysis, 1911, pp. 142—144; Newfcb, 
MfDUial of Chemical Analysis, 1903, p. 300. 

Glazebrook, Heat, 1908, p. 18. 

® Glazebrook, Hydrostatics, 1904, p. 148. 
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only, all the impurities, chief among which is aqueous vapour, 
having been retained by passage through the strong sulphuric 
acid in B ; no attempt is made to settle by actual investigation 
whether the provision made for puritication lias been adequate 
or not. Again, the directions given in the book quoted are 
thfct the current of hydrogen cliloride should be allowed to 
pass until copious fumes issue from the mouth of C, it being 
assumed that when this happens, all the air in the flask has 
been replaced by the specifically heavier hy<lrogeii chloride. 
Such an ass^imption is probably not justified, and it is not an 
invariable rule in students’ experiments to test how much air 
has been left b}" opening the flask after the last weighing 
under water (or dilute soda), when the inrushing water absorbs 
all the easily soluble hydrogen chloride, leaving behind the 
air, the amount of which can then be measured and allowed 
for in the final calculation*. Again, the formation of fumes 
at the mouth of the flask tells its own tale ; these fumes are 
the liquid produced by the combination of the excess of the 
escaping hydrogen chloride with the moisture in the air, and 
owing to their comparatively high s^jecific gi'avity they are 
likely to sink into the flask and to contribute to the weiglit 
u*', supposed to be that of a flask of volume a filled with 
(faseoHS hydrogen chloride onft/. Yet another assumption 
made is that the glass vessel plays a passive part in the whole 
transaction, that neither air nor hydrogen chloride condenses 
on its surface; but considering the very great solubility of 
hydrogen chloride in water and the difliculty of completely 
freeing glass from the film of moisture which clings to it most 
pertinaciously, it is cpiite certain that in the second case, at 
any rate, this assumption is not in accordance with fact. 
These various deviations from the postulated ideal state of 
purity of the hydrogen chloride gas would of course produce 
different errors in the value reipiired: contamination with 
air (which is less dense than hydrogen chloride) would lower 
the density; contamination with aqueous vapour, condensation 
of hydrogen chloride on the walls of the glass vessel, would 

' Fenton, Outlines of Chemtslry, Part i, 190:>. Determination of aensity of 
carbon diojcide, p. 12 ; of ammonia, p. 17. 



16 


Introcl ucto ry 

make the density too high. AVhat the absolute and relative 
values of these various errors would be, and how far they 
would tell when compared with the experimental error 
attaching to the measurements made, depends altogether on 
the special conditions and cannot be evaluated a priori, but 
must be determined expeilmentally. What however is cer^n 
and should be impressed on the student is that in the case of 
his determination of the density of hydrogen chloride, fair 
agreement with the standard value cannot be taken as a proof 
of the absence of large errors in the measurements involved, 
since these may have happened to compensate one another. 
All the same, it is not intended to depreciate unduly the 
value of an illustrative experiment such as the above, but 
rather to increase this value by transference from the realm 
of the se»ni-fictitions to that of the real: to make the student 
realise how great is the number and how fundamental the 
nature of the ussiouption.s' he has made, sometimes consciously, 
more often still unconsciously ; to describe the special features 
of standard work on the same subject, and thereb 3 ' to supply 
data for evaluating the probable effect on the students’ results 
of the discrei>ancy between the actual conditions of tlieir 
work and the ideal ones assfuned by them. How the first of 
the above two desiderata may be realised has already been 
shown in the classification and critical discussion of the large 
number of ^tsfUdHpfions actually made in the studeiits’ e.xperi- 
ment on the density of hydrogen chloride just described; a 
short account of the pertinent portions of a I’ecent standard 
determination of the same physical constant will now be used 
for the puipose of the comparison recommended above, 
between students’ work and research work. 

(b) Standard determination. Gray and Burt’s recent 
(19(18) determination of the density, i.e. the weight of a 
normal litre, of hydrogen chloride. 

The ]»rinciple of the method used was the same as that of 
the students’ experiment, viz. the determination of tlie weight 
W of gas filling a known volume V at the measured tempera¬ 
ture t and pressure jr Regnault, who was the first to measure 
gaseous densities with considerable accuracy, worked on this 
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principle,and devised a comparatively simple method involving 
great reduction in the experimental errors. It was Regnault 
who first taught us to eliminate corrections for changes in tlie 
buoyancy of the air (see p. 30) through the ingenious device 
of counterpoising by another vessel of as nearly as possible 
the same volume, so that any change in the weight of the 
density globe due to an external cause, viz. change in the 
density of the air displaced, is compensated for by a similar 
change in the weight of the counterpoise used ; filling the 
globe whilst it was surrounded b}- ice did away with the 
necessity for anj" temperature correction; the retention of 
any air was avoided by several successive evacuations of the 
density globe followed by admission of the gas examined. 
The actual measurements consisted in finding the weight of 
the globe of internal volume holding some of the gas investi¬ 
gated at the low pressure y>,, and then /r., the weight of the 
globe M'hen liolding the gas at a pressure y/, very nearly ccpial 
to that of the atmosphere; the required value is then given by 
the equation 


/) = 


(tr., — //*,). 730 


yAp>—pi) 

Reguaidt’s method for the determination of gaseous densities 
long reigned supreme, and still contiiuies to be used in work 
of the highest accuracy, though of course there have been 
niodifications in techni<iue, the result of new discovei’ies aTid 
inventions. First in order of time came the perfecting of 
apparatus for producing vacua’ so high tliat for purposes 
of calculation y>, was climinato<l from the above e<iuation ; 
this was followed by the invention of comparatively simple 
machinery for the rapid production of largo quantities of 
liquid air-, which, together with the use of coole<l charcoal 
as an additional agent for iwoducing very high vacua', has 

I'or tie.scription of Topler's pump soe fnazobiook, lllOl, 

PP. 1^»6. 107. 

for description of Hampson’s apparatus for licjm-fyiny air. sen Nfwilj, 
Itwri/anic Chemistry, 1007, p. 77. 

^ Charcoal, especially tho porous kind obtainnd liy the narlMJuisatii)n (stront: 
leating out of contact with air) of cocoauut, is a very nlTetttive a^ent for the 
absorption of pases, and to Sir James Dowar we owe tin- discovery that this 
power increases rapidly as the temi)eraturc is lowered. Hence by surroujidiuj? 


F. C. 
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revolutionised the technique of preparing, storing, transferring 
aud weighing gases in a state of great purity. Gray and Burt’s 
determination of the density of hydrogen fthloride is a case 
in x^oint. 

Fig. 3 shows the essential features of the apparatus used 
by these investigators\ the procedure for obtaining the data 
re^xuired being as follows: the carefully purified hydrogen 
chloride stored in a suitable vessel was allowed to flow into 
the conii>letely evacuated measuring globe A, kept at the 
temperature of 0®C.; V, the volume of A, had been previously 
ascertained by weighing A at fii'st full of air and then again 
with the distilled water which had completely filled it at 0"C., 
a suitable arrangement having been made for the accom¬ 
modation of the overflow due to the expansion of the water 
when the temperature rose from O* to that of the balance 
case. The pressure of the gas filling A could be brought with 
great j^recision to that of the atmosphere, 2^> the value of 
which could be measured with great accuracy by a standard 
barometer. IF, the weight of the hydrogen chloride filling 
the globe A {i.e. occupying the volume V measured at 0® and 
p mm.), was then ascertained. 

This is the mere outline; with regai d to the details of the 
work which in the case of the studeiAs’ experiment led to the 
numerous assumptions already referred to, it will conduce 
to clearness if we deak with the various points arising in this 
connection according to the classification made use of above 
(p. 12). 


(a) Antecedent data. 

The density of air does not enter into the calculation, but on 
the other hand the method of indirectly' measuring the volume 
of A by fimling the wSight of a substance of known density 


occupying that volume leads to the substitution of 


IF\rat«r 
water 0 ’ 


a sO'CuHed 'absorption tube,’ i.e. a vessel filled with cocoanut charcoal, with 
liquid air, the action can be made so complete as to produce in the vessels 
communicating with the absorption bulb a vacuum as perfect as an^' that it had 
been found pui^bible to produce hitherto by evacuation with a suitable pump. 

‘ J.C.S. 1909, 96. p. 1633. 
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Fig. 3. 

A. Measuring globe of accurately determined capacity (465*857 c.c.), surrounded 
by vessel holding ice and distilled water. 

B. Absorption bulb (capacity about 20 c.c.) filled with cocoanut charcoal. 
Slow cooling of B by liquid air, followed by opening of the taps D and E, 
produces com'^lete transference to B of the gas filling A at the temperature 
of melting ice and atmospheric pressure. When, after closing E and 
detaching at F, the temperature of B is allowed to rise to that of the room, 
the pressure of the absorbed hydrogen chloride does not exceed a few 
centimetres, a consequence of the high value of the coefficient of absorption 
of this (;as. 

C. Auxiliary charcoal bulb, used for the initial complete evacuation of A and 
of the capillary connection tubes. 

D. Three-way tap for connecting A either with the manometer and the vessels 
used f»)r purifying and storing the gas, or with either of the charcoal 
absorption bulbs B and C. 

F. Joint at which B can be detached for purposes of weighing. 

G. Tube leading to rest of apparatus, consi.sting of: 

(i) manometer, 

(ii) vessels for generating, purifying and storing the hydrogen chloride. 

2—2 
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for V', and lienee to the introduction of the antecedent datum 
water O'; h\it tliis is a vulue known to a degree of accuracy 
so higli* as to exceed that likely to be reached in the other 
measurements involved in finding the density of the gas in¬ 
vestigated. Filling the globed at 0°, the standard temperature, 
which it is possible to produce and maintain with the greatest 
accuracj’, introduces another great simplification, in that it 
does away alike with the assuni 2 ^tion represented in the 


students’ experiment by the factor 


273 
273 +'e 


(Charles’ Law) and 


the alternative of a special determination of the coefficient of 
expansion of hydrogen chloride between 0® and As regards 
the coefficient of compressibility, assumed in the students’ 
experiment to be adequately represented b^’ 700//?, in Gray and 
Burt’s work the deviation from Boyle's Law between 700 mm. 
and j} mm. formed the subject of a special investigation, the 
results of whicli made it jiossible to applj' the necessary 
correction to the factor 700//? in the ccpiation 



?<•,). 700 


If/ 

wafor 




lor 0* 


P 


The correctness of all tlie measuring instruments 
used was teste<l, and the degree of accuracy attainable with 
tiiem actually measured; moreover the number of measuring 
instruments used was only half that required in the students’ 
experiment. The elimination of a temperature correction 
{iroduced not only the simjdification already dealt with, but 
also did away with the use and the consequent testing of 


JV 

a thermometer; besides which, the substitution of ^ 

-^ivuter 0* 

obviated the use of a graduated vessel. There remained 
therefore the measurement of weight, involving the use of 
a balance and of weights, and the determination of the 
atmospheric ])ressure, involving the measurement of a length 
on the scale of abarometcr. The relative value of the weights 


* 0-‘J99vS78 <Volkmaun). 

0-999871 (Uossetti). 

0*999808 (Thiesen, Scheele and DiesseUiorst). 
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used was ascertaiiied by careful calibration accoi*ding to an 
accepted method^ which also took into account the air dis¬ 
placement of the weights. No correction was neede<l tor the 
absolute values of the weights, nor for errors due to a possible 
inequality in the length of the anus of the balance, because 
these would all be represented by a factor affecting alike 

the weight of the hydrogen chloride and IFwau-r, 
which appear in the numerator and denoitnnator ot a traction 
and hence cancel one another. Variations in the buoyancy ot 
air were eliminated in the usual way bj’ means of counterpoises 
of volume equal to that of the vessel weighed. The probable 
error of the weighings was ascertained to be not greater 
than *03 mg. The scale of the bart>meter could be read to 
'03 mm. and was tested at the Standards’ Oltice^ 


( 7 ) Very great precautions were taken in the preparation 
of the hydrogen chloride used ; all conceivable* sources of 
contamination were critically examined, and definite tests 


^ Clowes and Coleman, Quantitndve Analysii, 10th ed. 11)14, p. 0; 

Manual of Chemical Analyds, 1907, p. ; Findhiy, Practical Phydeal 
Chemistry^ 1906, pp, 24 et 

^ The standard of length is defmeil as the distance at (i2^F. between the 
centres of the transverse lines on the two gold plugs in a bronj^e bar deposited 
in the ollico of the Exche<iuer. 

In accordance with tlte Weights and Measures Act of 1678, the British 
Standards are now kept at the Standards’ Otlice of the Board of Irade at 
Westminster* 

^ ‘Conceivable’ is of contne not equivalent to ‘possible’; the term is 
deliberately used to emphasise the fact that the sum total ot errors existing 
probably includes far more than those of which we have cognisance, the number 
of the latter being representative of the state of knowledge reached, and being 
added to as that knowledge grows* Thus llegnault made no allowance for the 
effect of a change in pressure of less than 1 atmosphere ou the volume ot solids. 
It was reserved for Lord Kaylcigh to point out that this was the source of a 
constant error in the determination of gaseous densities by Kegnault’s method, 
in which a glass globe is weighed, tirst vacuous, and then full of gas, being both 
times counterpoised by another glass globe of exactly the same extennil volume 
as the full globe. But in the tirst ca^^e the external pressure of the atmosphere 
produces a shrinkage of the vacuous globe wljich can be found by diiect 
experiment, and which amounts to between •04 and •OHi \H'V cent, ot the volume 
of the globe. The effect of this slninUage is to make the vacuous globe displace 
a smaller volume of nix than when tilled with a gas under uonual piessuie. 
Consequently the weight of the gas, found fri>ui tlie diffcreuce between the 
weight of the globe when full and when vacuous, is smaller than the tiue value. 
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qualitative and quantitative—applied in order to ascertain 
how far the various precautions taken had served their end. 
The gas, prepared from material as pure as possible, after 
being <lried by passing over phosphoi’ic oxide, was liquefied 
(b.p. — 82-9®C.) and freed from impurities by fractional distil¬ 
lation. The isolation and retention of the portion distilling 
over first, served to remove impurities of higher boiling point, 
such as water; a repetition of the process, in which the first 
poi'tion of the distillate was rejected, served to remove the 
impurities of greater volatility, such as oxygen and nitrogen. 
As in all quantitative measurements aiming at a high degree 
of accuracy, the purity of the substance investigated became 
a factor of the utmost importance ; a series of determinations 
of some pliysical property was tlierefore carried out with 
material obtained in different u'ays, agi'cement of the results 


being made the test and the measure of the purity of the 
substance dealt with. The reasoning followed in the estab¬ 
lishment of this correlatio!! runs thus : If the results obtained, 
say the <lensitie.s of two specimens of hydrogen chloride pre¬ 
pared from different sources, were the same (by whicli is meant 
that they do not differ from one another by more than do the 
results of two separate determinations with material from the 


same source), either the two si)eciniens are identical because 
both are pure, or they both contain impurities of an amount 
an<l kind such as will affect the true value of the density to 
exactly the same degree. Of these alternatives the first is 
imieh simpler, representing merely realisation of the con¬ 
ditions aimed at, and is therefore more probable than the 
socoml, which would involve some not very likely chance 
coincidences ; and if the variation in the mode of obtaining 
the hydrogen chloride is carried further still, and a third and 
a fourth specimen, each differently prepared, coiitiiuie to give 
the same results, the assumption of identity of material, due 
to the absence of all appreciable amount of impurity, becomes 
increasingly justified. In the special investigation now under 
consideration the hydrogen chloiide was prepared in three 
<lifferent ways and the density of the products determined ; 
the results obtained were as follows : 
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No. of 

(leteriuinations 

4 


Extreme values of 
density. Wt, in 
j'tams of 1 litre 
1 04053 and 1-03980 


Mean value. 
Wt. in grams 
of 1 litre 
1-6401C 


1-04009 
1 -04083 


^ 9 


» » 


1 -63950 
1-63970 


1-04010 


1-04023 


Mode of Preparation 

(1) Sulphuric acid and 

sodium chloride 

(2) Sulphuric acid and 10 

ammonium chloride 

(3) Silicon tetrachloride 7 

and water 

Moreover it was not assumed that the walls of the con¬ 
taining vessel pla^'ed an absolutely passive part, but the 
problem was specially investigated, with the following results : 

...tlie density of the gas in u new hnlh dec-reu.ses witli each filling, and 
finally reaches a ininiinuin value which varies fairly regularly about a mean. 
In all probability this decrease is due to the presentee <>n the surface of tlie 
bulb of a film of inoi.stnrc which abstn-bs the gas in relatively large quantities ; 
this film being partly absorbed by the charcoal in the weighing bulb, together 
with the gas itself, the apparent density is too great. \Vith each successive 
filling the film .should diminisli and reaeli a constant value. As a matter of 
fact. ..a limit of desiccation was certainly reachc<l after the first few fillings 
...[but] in the absence of all avoidable nioLsturc there was [still] a small but 
appreeiahlc amount of gas adsorbed by the glass....That even this .small 
amount of gas is taken up by cooled cocoainit charcoal is certain from the 
fact that oil letting a little silver nitrate solution into the exhausted volmne 
bulb at the ciul of each series of determinations, no trace of opalescence was 
ever observed, lilank experiments carried out with the same volmne of 
silver nitrate .solution showed that as little as *2 cub.mm.' of the gas coulil 
be readily detected. 

A specially devised inetliod for accurately measuring the 
amount of hydrogen chloride adsorbed by glas.s gave 0 ()()()i;i 
gram for the amount to be subtracted fi'om the weight of 
one litre of the gas-. 

Another possible source of errin' was the .solution of traces of hydrogen 
chloride in the grease used for the stop-cocks. An attenq)! was made to 
mesusure this. It was found tliat the amount of gas di.ssolved by (he grea.se-' 
<ni the hull) stop-cock did not exceed q-ol cem. [tliat i.s, about 1/4»»,.‘)S."> of 
the ijuantity of gas involved], ami since this amount of gas represents an 
error smaller than the mean pi-«»l>ahlc error in any of the .serie.s, it was decided 
to neglect it. 

The concluding statement about neglecting the error thus 
metisnred provides a suitable tratisition to another jioint 
which rc(piircs to be dealt with at the outset of a course of 
practical work, much of wliich is of a (piantitative nature. 

* The volume of the mcasuiih}' l)ulb liaving been 405 8.j0 c.c., 2 cub.mm. 

( = -00'2 c.c.) is about 1/-230,000 of tlie t[uantity of yas involved. 

The mean value for the weight of 1 litre being l-OiOOO. this represents a 
correction of about 1/10,000. 

“ Pure paraniii.s, for which it had been shown that they were not chemically 
acted upon by hydrogen chloride. 
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III. Error of escperimental measurements. 

Under tliis heading it is proposed to discuss : the nature 

and the evaluation of what in quantitative work is termed the 

experimental error or tlie probable error ; the application 

of knowledge concerning the magnitude of the experimental 

ei ror to the theoretical interpretation of experimental I’esults; 

and tlie practical bearing of this subject on the degree of 

accurac}' which it is rational to aim at in each of a number 

of connected measurements required in one and the same 
experiment. 


1- The nature and the evaluation of the experimental 
error. 

lo start with, it is necessary to emphasise the fact that 
the term ‘experimental error’ or ‘i)robable error’ applies 
only to what under the special conditions of the experiment 
are inevitable errors. 1’liese must be differentiated from 
en ors which can be avoided and which are inistalces due to 
wi*ong 1 ‘egistration, such as when in adding up the weights 
used one is accidentally omitted, or a *02 gram weight is 
mistaken for '01 gram ; or when in a scale reading, owing to 
want of care in ascertaining whether the zero is at top or 
at bottom, 159 c.c. is Avritten down as IGl c.c., etc., etc. Of 
course miatahes fre<iuentl3’ occur in students’ experiments ; 
and whilst repetition of the experiment or comparison of the 
results with those obtained by other members of the class are 
means for detecting the presence of mistakes (Avithout Iioav- 
ever revealing their origin), practice, experience and care are 
the means for reducing their number. Whenever it becomes 
clear that a mistake has been made, it is essential that confi¬ 
dence should be regained at once b^’ repeating the experiment, 
not merely' once but tAvo or three times, so as to have sufficient 
data for contrasting the degree of coincidence betAA’een the 
later values obtained with the diA-ergence' exhibited by the 

^ See nuiDbers enclosed in brackets in the various tables giving the results 
obtained by a wliole class for a special measurement, e.g. pp, 47 and 71. 



IntroiUlctonj 



result supijosed to be tainted by a mistake; tluis, and thus 
only, can we succeed in justifying the rejection of one or 
more special results. But when mistakes have in this manner 
been eliminated, there still remains the fact that all our 
measurements, however much wc increase the perfection of 
our measuring instruments, however great is the care we take 
in the use of these instruments, give only an approximation 
to the true value, and what that true value is we can never 
know. It is therefore of the utmost importance that any 
student who attempts serious quantitative work in science, 
work controlled and dominated by common sense and intelli¬ 
gence, should always try to get, before starting the experiment, 
or at least at the eai’liest possible stage, a clear conception 
of what he can and what he cannot expect to achieve ; wliut 
IS due to imperfections in the measuring instruments used, 
and what to the limited sensitiveness of our sense-organs ; 
what would be the effect of changes in physical conditions so 
small as to be imperceptible to our senses ; wliat disturbances 
might arise from tlie presence of small amounts of impurities 
in the substances dealt with. 

Errors due to imperfections in measuring instruments may 
be illustrated by means of the pipette, the balance and the 

barometer. 


(1) Pipettes (fig. 4, p. 39) are measuring vessels supposed 
to deliver definite specified volumes of li<pnd. Of course, 
owing to the difference in the coefficient of expansion for 
glass and for water* (or any other li(piid), the gTa<luation of 
any such measuring vessel can be correct for one particular 
temperature only; but if for the present we leave out of con¬ 
sideration errors due to changes in temperature, liow far are 


we ju.stified in considering the volumes delivered on different 


occasions as identical V Since at the saiiie temperature weight 
and volume are strictly proportional, measurement of the 
weights delivere<l can he made a measure of the correspond¬ 
ing volumes. In an experiment made with an ordinaiy "jOc-c. 


* Coetlioieiit of expai)siou of glass between 0- and loU'C. =0*000024 ; 

,, water, at about =0*O0018o, 
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pipette the weights of pure distilled water delivered succes¬ 
sively were : 

(i) 49*890 grs. 

(ii) 49*860 „ 

(iii) 49*870 „ 

the extreme difterciice being *030 or 0*0G®/oS which represents 
the experimental error of this special volume measurement, 
an error due chiefly to the fact that varying quantities of 
li<[uid are retained clinging to the walls of the vessel, but 
also to the iincertaint}" of exact adjustment of the level of 
the liquid to the mark on the stem. The diameter of the 
stem, the size of its open end, the shape given to the point 
of the jet, all these will influence the magnitude of the 
experimental error, which is the average of the maximum 
diftercncc between successive measurements made at the 
same temperature. This experimental error must not be 
confounded with the error due to faulty calibration, which 
latter is given by the difterence between oOc.c., the volume 
marked on the pii)ette, and the nveraf/e volume actually 
delivered by it. 

(2) The use of the balance is attended by two errors of 
the same kind as those discussed above. There is the con¬ 


stant error produced by the balance not being true^ (the 
arms being of unc<pial length), which corresponds to the 
error in the calibration of the pipette, and then there is 
tlie^experimental error represented by the difference in suc¬ 
cessive weighings of the same body by the same sensitive 
balance. These diflerences are due partly to the instrument 
(want of rigidity of the beam, insufficient sharpness of the knife 
edges, which pioduce variations in the distance between the 
fulcrum and tlie points at which the weights act), and partly 


’ is the value for the probable error in the case of an ordinary pipette 

used witliout taking? special precautions fur securing uniformity, such as careful 
clcauing of the glass, choice of the best tnethotl of uniform delivery. The error 
need not necessarily be anything like us higJi. Thus in OstNvald's Pfn/sico- 
chemical Measurements it is said that by giving to 1 and 2c.c. pipettes an 
improved form, it is possible to quantities of water exact to 1—2 mg. 

With a 1 C.C. pipette the followinjz numbers were obtained for consecutive 
nieasureuients :—C>*9905, 0‘1)900, 0‘991>b, 0*9997. 

- frlazcbrook, Statics, p. 1-53. 
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•to defective manipulation (jerky release of the beam, causing 
variation in the exact position of suspension of the scale pans, 
local heating and air currents, etc., etc.). In a special research 
of Landolt’s, to which more detailed reference >vill be made 
later, a test was made of the efficiency of the balance used by 
accurately measuring on diflFerent days the small difference 
in weight—about 4 mgs.—between two brass cylinders each 
weighing about 400 grams. The results were : 


Date of weighing 
May 13th 
17th 
23ra 
24th 
27th 


Difference in weight between the two cylimlers 

4-273 mgs. 

4-200 
4-250 
4-242 
4 200 


Mean=:4-2r>7 

Greatest difference between two weighing8= 0-031 lug. 
Average deviation from mean = iO OOU 


(3) Similarly readings of the height of the mercury 
column in a standard barometer taken in quick succession 
are not the same, as is shown by the following numbers : 

Successive barometer readings over peTit)d of 20 minutes 

2‘J-r)40 in. 

29-534 

29-534 

29-.530 

29-530 

29-520 


As regards the causes of these discrepancies, there is tiie 
difficulty of exact setting, not only of the zero point* but also 
of the vernier scale, tlie lower edge of which is .supposed to 
indicate the lieiglit of the niercurial eolumn. Uiiference.s in 
the results of measurements such as those described in the 


above examples are termed cxperhneHtal errors. 


2. The application of knowledge concerning the magnitude 
of the experimental error to the theoretical interpre¬ 
tation of experimental results. 

Examples from within the scope of the student’s own work 
will best serve our purpose. 

(1) Take the experiment often dealt with in an elementary 
course in whicli the Inpiid obtainecl by burning hydrogen in 

^ Glazebrook, Ilyilrostatic^y p, 147. 
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ail* is compared with distilled water, and the identity of the • 
two substances shown to be very probable by a comparative 
determination of certain of their physical constants, viz. the 
density, the freezing point, the boiling point. When, as is 
generally the case, rapidity of execution is a great considera¬ 
tion, the comparison of tlie densities is best made by weighing 
in previously accurately counterpoised vessels volumes of the 
two litjuids which are supposed to be equal because they have 
been obtained by delivery from the name pipette ; obviously 
the absolute value of the volume held and delivered by the 
pipette does not enter into consideration, and any error of 
calibration, however great, would not affect this special ex¬ 
periment. In one such experiment the results were : 


Weight of liquid delivered from same 10 c.c. pipette 


( 1 ) 

C^) 

( 3 ) 

Mean 

Greatest dillereueo between \ 
two detertninations J' 

DilTcicnce between the two means 0'0i)3 


I. Distilled water 

10-1S5 

10-100 

10-187 

lO 177 


0-0-27 


11. Liquid obtained by burniog 
hydrogen iu air 
10170 
10-192 
10-178 
10-180 

0-022 


Insiiection of the figures in the last line shows that it 
would be wrong to make a difference between I and II ot 
the order of magnitude 3/10,000 a reason for declaring the 
densities of the two litpiids to be different, since this value is 
loss tiuui the experimental error of the volume measurement. 

the other liand identity in the results—such as would have 
been obtained had the weighings been carried to decigrams 
only—might have been due simply to the fact that the 
balance, owing to its low sensitiveness, had failed to indicate 
really existing Ihougli small differences. Hence, in the case 
of the above exi)erimcnt, all that can be said is that the two 
liquids most probably arc the same, but that if they should 
be different their densities do not difter by more than *03 at 
the outside, probably not by more than 0‘003. 

Again, take lixperimeiit XIX, p. IGl, the object of 
which is to find out whether chemical change is or is not 
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accompanied b}" a change in weight. A chemical change, viz. 
the burning of phosphorus, is made to occur in a closed 
vessel, and the whole system is weighed before and after the 
reaction. The usual way of performing this experiment in 
elementary teaching is open to grave objections. It is a 
common jiractice merely to counterpoise the flask before the 
burning, and to show triumphantly that after the burning 
the same counteipoise again produces equilibrium. This is 
only permissible if it is distinctly stated that nothing but 
a very rough approximation is aimed at. As a matter of 
fact the extent of what is established in this way depends 
altogether on the sensitiveness of the balance used, and by 
deliberately making this very small the amount of care and 
of skill needed for successfully can-ying out the above or any 
experiment similar in principle can be reduced at will. Hence, 
unless the position is frankly faced and the students are made 
to realise it, this experiment is likelj' to be very misleading 
as to what actually has been ]>roved and what under the 
special conditions can be proved. A chain of reasoning on 
.the following lines is necessary :—Owing to the limited and 
comparatively small supply of air contained in a flask of 


suitable size, the amount of phosphorus burnt is bound to 
be small; since '02 gm. of phosphorus requires about 100 c.c. 
of air, with a flask of 300 c.c. capacity only about 00 gin. of 
phosphorus could be burnt. Supi^osing now that the balance 
used requires an overweight of ‘OO.'t gin. to jirodnce a definitely 
recognisable shifting of the ])ointer, it would follow that it a 
change of Avciglit due to the burning of the phosphorus actually 
took place, but were smaller than ’OO.i gm.—1/12 of the weight 
of the phosphorus burnt—the fact of chemical transformation 
being accompanied by change in weight could not be estab¬ 
lished. Hence if, as is not at all unusual, this experiment is 
carried out under conditions such as those above described, 
no value whatever can be attached to the result. 


But it might be said that it is neither necessary nor usual 
to work with so rough a balance, that as a matter of fact the 
instrument employed is generally sensitive to 1 mg., and that 
the amount of substance transformed may be increased by 



30 


Introductory 

using a flask holding as much as a litre of air. If so, various 
further points would require consideration. 

Even supiDosing that the students had been told, or had 
found for themselves,tliat with the balance used an overweight 
of 1 mg. produces a distinctly' recognisable shifting of the 
equilibrium position of the poiider, and if it so happened 
that the weight of the flask and its contents had been found 
the same before and after the occurrence of the reaction, all 
that could be inferred from that one experiment (always 
8 upi)osing the absence of counterbalancing errors) would be 
that if a change of weight had occurred in this particular 
transformation it could not be greater than 1 mg.; moreover, 
since we do not know the amount of substance (phosphorus 
and portion of air) tliat had interacted, we could not evaluate 
the degree of ai>pi‘oximation of our result to the exact relation 
which it ha<l been the object of the experiment to illustrate. 

+ +. — ^ + jf* + Q -\r .. .. 

sum of wts. before the reaction sum of wts. after the reaction 

But this is not all. Supposing that working with a balance, 
sensitive to 1 ing. it were found that after the reaction the 
weight had changed by 3 ings. (for the purposes of the present 
argument it is immaterial whcthci* the change had been an 
increase or tlecrease), couhl this be taken as an indication of 
a real change in weight due to the chemical transformation? 
Surely not, unless we ha<l previously established that the 
amount of change observed was of a different order of magni¬ 
tude from that fofind when the same—or a similar—apparatus 
ill which no chemical change had occurred was weighed 
several tiinc.s in succession. Now as a matter of fact in this 
so-called ‘blank’ experiment, unless the precaution had been 
taken of counterpoising the vessel used by a flask of the same 
or nearly the same volume, differences amounting to several 
milligrams might and almost certainly would be registered. 
Archimedes’ principle tells us that when a body is surrounded 
by air it is not the true weight that is indicated by the balance, 
but the true weight less the weight of the air displaced; but 
the weight of air so displaced depends on two factors, viz. 




31 


Introductory 

(i) the volume of the displacing body, and (ii) the density, Le, 
the weight in grams per 1 c.c., of the air displaced. Obviously, 
then, it will be of great imjmrtaiice that in the phosphorus- 
burning experiment sufficient time should be allowed for the 
flask to cool after the phosphorus has been burnt; but even 
if for the sake of simplicity we assume that this was done, 
and that therefore the volume of the flask was exactly the 
same on the occasion of the two successive weighings, there 
still remains the effect of changes in the other factor, in 
the density of the air, a value which depends on temperature, 
pressure and amount of acpieous vapour present. Suppose 
that between the two weighings the temperature in the balance 
case had altered by 3* C.,say from 17^C.to *20° C., then according 
to Charles’ Law K. = which would correspond to an 

increase of volume and consequent decrease of density of 
about 1 °/^. But at ordinary temperature and pressure the 
weight of 1 c.c. of air is about •0012 gram, so that for every 
100 c.c. of air displaced the change in buoyancy would be about 
1*2 mgs., increasing the weight of the flask by that amount. 
Hence, using a flask of 300 c.c. external volume, a temperature 
change of 3^C. in the air displaced would produce a change of 
3'6 mgs. in the apparent weight of the flask; whilst with a 
flask of about 1000 c.c. external volume a change of temper¬ 
ature of 1° only would account for a change of 4 mgs. 

This should .show the difficulty of correct correlation be¬ 
tween effect and cause, and the necessity for care and caution 
in the interpretation of <iuantitative results. To summarise: 
The quantitative aspect of the experiment in whicli phosphorus 
is burnt in a closed .system has been dealt witli somewhat in 
detail in order to show how on the one hand maintenance of 
ireight might be due simply to the use of a not very sensitive 
balance; whilst on the otlier hand an observed change of 
weigiit might be due entireig to the experimental error, i.e. 

to the algebraic sum of a number of effects, all of M’hich are 

% 

produced by causes other than actual change of weight ac- 
comi>anying the chemical transformation. Hence it is not 
only useless, but also a violation of scientific principle, to use 
a very sensitive balance, say one which indicates an overweight 
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of 0*1 ing., unless the magnitude of the experimental error is 
ascertained and taken into account. 

This is a case of a students’ experiment which in principle 
and practice follows the same lines as research work, though 
of course the limits of accuracy and the values of the experi¬ 
mental error are of a different order of magnitude. In an 
earlier part of this chapter, the determination of the density 
of hydrogen chloride was used for showing the fundamental 
difference in technique between students’ work and standard 
work; a short account of the pertinent features of a recent 
research on the conservation of weight will now be given in 
order to bring out the identity of the logical processes guiding 
both the research Avork and the students’ Avork, provided 
ahvays of course that the latter is performed in a manner that 
makes it Avortli doing at all. 

The (piestion wliether chemical transformation is or is not 
atteiuled by change in Avcight Avas iiiA’^estigated by the German 
chemist Landolt in a scries of researches extending OA^er 
17 years, from 1890 to 1907. Since Lavoisier made chemistry 
into a (quantitative science, thousands of chemists haA'e j)er- 
formcd millions of analyses, in Avhich it has alAvays been found 
that the greater the accuracy of the AA'ork, the more nearly 
(lid the results approximate to 100 7©; thereby shoAving that 
if clicmical transformation should be accompanied by changes 
of Aveight, such changes can only be very small. Hence it is 
obvious that in an enquiry such as that undertaken by Landolt, 
all conceivable sources of error must be eliminated or at 
least reduced; the accuracy of the AA'eighings must be pushed 
to the uttermost limits of the attainable; and finally the 
residual experimental error must be eA’aluated. 

The experiments extended to 15 reactions AA'hich occur in 
a(picous solution, e.g. silver sulphate and ferrous sulphate, 
iodine and sodium sulphite, etc., etc.* The tAvo solutions AA^ere 
introduced separately’ into the tAvo limbs of fl-shaped vessels 
of Jena glass. Two such j)ieces of apparatus, A and Avere 
prepared, so nearly c(pial that errors due to change in the 

^ It \Tas CKsentiul that the reactions chosen should occur witliont the evolu¬ 
tion of gas and witliont the production of much heat. 
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buoyancy of the air were negligible. By this arrange¬ 
ment each experiment could be done in duplicate, the 
difference in weight between the two vessels being deter¬ 
mined: (i) in the original condition, (ii) after the reaction 
produced by tilting the O-tube and consequent mixing of the 
contents of the two limbs had taken place in apparatus A, 
(iii) after the reaction had taken place in apparatus /?. 
Though the reactions chosen for investigation were all of a 
kind in which the concomitant heat effect is not great, yet 
some heating of the glass vessels due to rise of temperature 
in the solution was inevitable, and consequently sufficient 
time had to be allowed to elapse between the successive 
weighings in order to make sure that the original condition 
had been re-established. All the earlier experiments were 
vitiated by the error, only discovered later, that 10 days were 
not sufficient for the re-establishment of the oi-iginal temper¬ 
ature, but that as many as 20 days might have to elapse before 
equilibrium, indicated by the weight becoming quite constant, 
had been reached. Increase in the temperature of either 
A or B alone produces (i) an increase of external volume, 
hence an increase in the quantity of air displaced, and (ii) a 
diminution in the film of water always condensed on the outer 
surface of the glass, both of which changes in external con¬ 
ditions make themselves felt by a decrease in the weight 
recorded. Of course these effects are almost infiiiitesiinal, a 
few thousandths or at most a few hundredths of a milligram; 
but then, as has been pointed out above, it was known from 
the outset that the effect looked for, if existing at all, was 
very small. Then, after this and all other conceivable causes 
of error had been considered and as far as possible guarded 
against, it remained to determine experimentally the total 
effect of all the remaining causes of error; this was done by 
means of blank experiments in which the manipulation of the 
apparatus was the same as in the reaction experiments, but 
the substances used were such as did not react, e.f/. water 
and paraffin, iodine and sodium sulphate, silver sulphate and 
ferric sulphate, etc., etc. In 19 such experiments 8 experi¬ 
ments gave a -t* result, the mean increase in weight being 

P.C. Q 
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-f 0 008 mg., whilst 11 experiments gave a — result, the mean 
decrease of weight being —0*010 mg.; the maximtim differ¬ 
ence recorded in these blank experiments was 0*024 mg., and 
if therefore in the reaction experiments an alteration of weight 
exceeding 0*030 mg. had occurred, this could not have been 
due to errors of observation. Now as a matter of fact, in 48 
reaction experiments 25 showed a decrease and 23 showed 
an increase in weight; in two cases only was the maximum 
experimental error of ± 0‘03 mg. exceeded, whilst the average 
magnitude of the changes observed was 0*012 mg. 

The final result is tliat in all the 15 decompositions involved it has not 
been ]>o.ssible to establish a change of weight. The observed deviations 
from abst)lute equality before and after the reaction are due to external 
physical causes and arc not the I’osult of the chemical reactions. 

In Landolt’s classical work, the question put to Nature 
was the same as in the students’ experiment oik the burning 
of phosphorus, namely, whether chemical transformation is or 
is not accompanied by change of weight; the principle of the 
cxi)criments devi.sed for the purpose of getting an unequivocal 
answer was also the same, viz. the carrying out of a chemical 
reaction in a closed system, the weiglit of which is determined 
before and after the reaction. In both cases the correct 
interpretation of the results obtained involves the taking into 
account of the probable experimental error. In Landolt’s 
research the evaluation of the experimental error by means 
of blank c.xpcriinents was a sine qua non^ and necessitated a 
set of measurements quite as important and nearly as extensive 
as those carried out in the actual reaction experiments. In 
the case of the students’ experiment, to have recourse to blank 
exiieriments would also have been the most satisfactory plan; 
but failing this, a good deal may be done by an approximate 
evaluation based on a rough calculation such as that given 
on p. 20. 
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3. Conditions which determine the degree of accuracy to 
be aimed at in any of these measurements. 

No chain is stronger than its weakest link ! If in the 
determination of a densit 3 '\ for which the data required are a 
volume V and a weight W, the volume cannot be measured 
with an accuracy greater than, sa}^ 1 in 200, the final result 
will be uncertain to the same degree, i.e. 1 in 200, and to 
aim at a greater accuracy in the determination of W would 
only be waste of time. Thus in the experiment already referred 
to (p. 28), which has for its object the comparison of the 
densities of distilled water and of the liciuid synthesised hy 
the burning of hydrogen in the air, if the volume measure¬ 
ments, made by an ordinary' 10 c.c. i)ipette, arc attected by an 
error of *03 c.c. (ante, p. 28) it would be absurd to push the 
accuracy of the weighings to milligrams; the weight of 10 c.c. 
of water being about 10 grams, weighing to 1 mg. would 
represent an accurac}" of 1 in 10,000, which is about 30 times 
as great as that which under the given conditions it is possible 
to attain in tlie volume measurements. If it were desirable 
or imperative to ascertain the density' with an accuiac 3 ' of I 
in 10,000, this could not be achieved merely by weighing to 
milligrams, but some different and more accurate method 
of volume measurement would have to be resorted to. 
Now, though one is at a loss to account for it, it is a fact that 
the average student finds it difficult to realise, or at any rate 
in practice to allow for the relation between the individual 
errors of the various measurements involved and the error in 
the final result. Volumetric analysis especially seems to offer 
scope for grievous waste of time and reprehensible violation 
of scientific principle, such as when, the accuracy' of the titra¬ 
tions being at most 1 in oOO, the substance to be dissolved is 
weighed out with an accuracy of 1 in 10,000 or even 1 in 
50,000. Thus it is not at all unusual to find in students’ 
note-books, under tlie heading of “ Prei)aration of standard 

M' 

^ Deusitj* = weitcht of unit volume = 
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solution of sulphuric acid,” numbers something like the 
following: 

Wt. of sodium carbonate in 1 litre of solution = 53-427 gms. 

Vol. of sulphuric acid solution required for the 23'40 e.c.) 

neutralisation of 25 c.c. of the sodium car- = 25*50 ,, }• Mean 25*45 c.c. 
bonatc solution. 25*45 ,, ) 

The probable error of these special volume measurements 
is 5 ill 2500, t.e. 1 in 500, and extensive experience of volu¬ 
metric analysis has shown that this is the average maximum 
accuracy attainable ; hence the sodium carbonate need not 
and should not have been weighed to more than 1 decigram, 
which is also about 1 in 500. But the not uncommon practice 
illustrated by the above-quoted numbers, in which sodium 
carbonate was weighed to an accuracy of 1 in 50,000, seems 
to be the outcome of an ethical factor (or aspiration), shown 
in the desire to attain to greater perfection by the funda¬ 
mentally wrong process of pushing the accuracy of each 
measurement involved as far as the instrument available will 
allow, quite irrespective of what can be achieved in the other 
measurements requiredh Some text books, especially recent 
ones on practical physical chemistry-, give due consideration 
to this important subject of the proper relation between 
the accuracy of a number of connected measurements ; but 
students to whom the principle involved is not self-evident 
should seek conviction through the consideration of a number 
of specific cases of which the following are examples : 

(1) In the application of a temperature pressure correc¬ 
tion to a gaseous volume, one is apt to find the calculation 
ma<lc with data such as the following : 

Volume 167 c.c. 

Temperature 15*^0. 

Barometer 757'-15 mm., 

^ This svouid seem to be an attitude of DiiBd inherent in human nature, one 
noted and criticised by Scheele : 

People will often split a hair wliere it is not the least necessary/’ . 

(Chemical 'Treatise on Air and Fire^ 1777*) 

- Findlay, Practical Physical Chcviislry (1900), pp. 15—17 ; Glazebrook and 
Slniw, Israeli cal Physics^ 1909, p. 30 ; Gray, Practical Physical Chemistry^ p. 1. 
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that IS, whilst the accuracy of the volume and temperature 
measurements are 1/167 and 1/273 4- 15 respectively, the 
pressure is taken to 1/75745, that is, to an accuracy about 
450 times as great as that of the volume measurement. 

(2) The data given on p. 36 are another case in point, and 
one which deserves actual calculation. 

The volumes of a certain sulphuric acid solution required 

53*427 X 25 

for the neutralisation of grams of sodium carbo¬ 


nate were found in successive titrations to be 25*40, 25*45, 
25*5 c.c. respectively; the empirically found equivalency factor 
between sodium carbonate and sulphuric acid represented by 
the quantitative aspect of the following equation : 

H..SO, 4- Xa.CO:, = Xa30, 4- C0^4- H,() 


98 


106 


IS 


90 

106 


, and hence 25 c.c. of sodium carbonate solution con- 


^ . . 53*427 X 25 . .. - 53*427 x 25 x 98 

• - 1000 correspond to - ^ 

of sulphuric acid, which according to the results of the titra¬ 
tions are contained in 25*4 c.c. or 25*5 c.c. of solution, <>ivin«: 
for the strength of the acid (/,c. grams of II^O^ in 1 litre of 
solvition) 

53*427x25 x 98 x 1000 ^ 

1000 X 106 X 25*4 ” 48*61/ gins. 

, 53*427 x 25 x 98 x 1000 . , 

1000 X 106 X 25*5 = >-e«l>e^*t>vely. 

But these results being uncertain to the same extent as 
the volume measurements involved, the last two figures must 
in each case be rejected. The mean value, 48*5, is identical 
M’ith that which would have been obtained if the weiglit of the 
Na>COa had been taken as 53*4, that is, reduced to a number 
of significant figures representing the same order of accuracy 
as the volume measurements made. 


(3) In the experiment on p. 303 on the determination of 
the equivalent weight of magnesium by replacement of the 
hydrogen in dilute acid (sulphuric or hydrochloric), it is found 
that each milligram of metal used f ields very nearly 1 c.c. of 
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liydrogen. If about 150 c.c. of hydrogen are collected and 
measured in a gas tube graduated in c,c., the utmost accuracy 
attainable in tlie volume measurement is estimation to one- 
half of a graduation, that is, to 1 in 300. From this it follows 
that : (i) the ainoimt of metal used, which will be about 
150 mgms., shoidd be weighed accui-ately to ^ mgm. ; (ii) it is 
not a matter of indifference, as far as the numerical result 
goes, whether the standard of reference is hydrogen = 1*00 or 
oxygen = 8*00, in which latter case hj’^drogen becomes 1*01 ; 
(iii) it would be absurd to read tlie barometer to fractions of 
a mm., or the thermometer to fractions of a degree centigrade, 
or to use in the calculation involved 


weight of . 


^ Wt. niagiicsiuin x eqniv. wt. hydrogeUQ^g-mj 

• P ^ density hj'drogeii 


V..1. I.ydrogcn x 


1000 


the more accurate value *08905 instead of the rounded-off 
number *0900 for the density (weight in grams of X litre) of 
hydrogen. 


4. Illustrative Experiment. 


Experiment I. 

To find the cxi^crinicntal error in tlic determination of the volume con¬ 
tained in or delivered from various types of measuring vessels in successive 
fillings, 

'I'he principle of the experiment is based on the fact that as long ns the 
physical conditions remain the same there is strict i>voportionality between 
the weight and the volume of .a stibstaneo, and the jwocedurc consists in 
ct)mparing vobnncs by ascertaining tbc corresponding weights of one and 
the same licjui«l hel<l or delivered in successive fillings. Differences in 
temperature, which wouhl of coui’se vitiate the postxdated strict propor¬ 
tionality hetween weight and volume, would exert a disturbing influence, 
since there is a consj<lerable difference hetween the coefficient of expansion 
of glass (0 iU)0(r24 between 0" and ino^C.) and that of water {0-000185 at 
about IS*) or <if any other li<jnid. The ussumi>tion xisually made, that the 
temperature has remained constant during the course of each sot of 
measurements, is sufficiently near the truth in the case of ordinary students’ 
work, hut if really accurate measurements are to bo made, the vessels and 
their contents must be brought to a definite and accurately known tem- 
Iierature; this is nuist easily achieved by immersion for a stiffieient length 
of time in the water of a tliennostat (an arrangement for the production 
autl long-ctintinucd maintenance of any definite tempci*atxirc required). 
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Various types of measuring^ vessels^ 


Instruments constructed to deliver 
a definite volume 

Pipette Measuring cylinder 




Instruments constructed to 
hold a definite volume 


\ ^ 

Graduated 

flask 


Specific gravity 
bottle 

(Pyknometer) 


Fig. 




Graduated flasks belong to botb types of instruments. Generally they are 
made to hold a stated volume and are used largely for the making up of standard 
solutions. ' But they can be made also for delivering a stated volume, or what is 
more usual, they are made available for either purpose by the provision of two 
marks on the neck. In the ordinary course of students’ work it is not unusual 
to use a graduated flask for either purpose, though it may have one mark only 
and in most such cases very probably the experimental error of the other 
measurements involved {e.g. titrations, which generally arc not accurate to more 
than 1/200) is such as to make it legitimate to neglect the error due to the liquid 
clinging to the walls of the flask when the volume delivered is treated as identical 
with the volume contained. But it is very important that in any case students 
using graduated flasks should realise this sotirce of error, should know its 
approximate value, and should in each case when it is introduced consider 
whether it is or is not legitimate to ignore it. 


^ For the method of calibrating a burette, or graduated gas tube, see Clowes 
and Coleman, Quantitative Atialysis, 9th edition, 1911, §§ 257 et seq .; Newth, 
Manual of Chemical Analyeis, 1903, pp. 308 ct seq'T 



Determination of the Experimental Error attaching to Volume Measurements made by 

means of various types of graduated vessels. 


The table indicates tlio manner of making the measui’ements required 
tor tlie puiiioses of the experiment, and the number of data wanted. 
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Introductory 

Inspection of the results set out in the table shows : 

(i) The superiority of the pipette over the graduated 
cylinder, and of the specific gravity bottle over the graduated 
fiask, due to the smaller diameter of the neck or the orifice 
by means of which the volume adjustment is- made and the 
consequent diminution of the diameter of the layer of U<]uid 
above or below the level, representative of the exact, but 
(alas !) always ideal filling. 

(ii) The sum of the various errors involved with measuring 
vessels of this capacity and construction is such as to make 
it unnecessary, in fact scientifically reprehensible, to do the 
weighings involved in the process of calibration with an 
accuracy, in any case greater than milligrams, whilst for the 
graduated cylinder, weighing to centigrams suffices. 

APPENDIX 

The determination of the density of a gas: 

Students’ Experiment. 

The apparatus used must include arrangements for the 
generation of certain gases, the displacement by these gases 
of the air contained in a fiask or tube, and the absorption of 
the excess of gas used in this process. 

When determining the density or the volumetric compo¬ 
sition of gases such as h 3 'drogen chloride, chlorine, carbonic 
acid, ammonia, sulphurous anhydride, nitric oxide, etc., which 
are easily absorbed by water or alkali or acid or b}" some 
specific solution {e.(j, ferrous sulphate solution absorbs nitric 
oxide), the arrangement depicted in fig. 5 lias been found 
to work very well. The apparatus, though fairly simple, 
possesses two distinct advantages ovei- the type usually 
employed : (i) It shows by the stoppage in the escape of 
air bubbles through F when the desired object of completel}^ 
filling the vessel with the gas under investigation has been 
attained ; (ii) it disposes of the excess of this gas, making it 
possible to perform these experiments on the lecture table 
or the students’ benches without having to use a draught 
cupboard. 
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Introductory 

A. Round-bottomed flask of Jena gla*ss, of capacity from h to li liti'es, fitted 
with the dropping funnel B and a delivery tube, and holding the solid used 
in the generation of the gas required, e.tj. lumps of rock salt (for hydrogen 
chloride), or of pyi'olusite (for chlorine), or of marble (for carbon dioxide) ; 
ferrous sulphate and potassium nitrate (for nitric oxide). 

B. Dropping funnel holding the liquid used in the reaction yielding the gas 
required, e.g. concentrated sulphuric acid (for hydrogen chloride and nitric 
oxide), dilute hydrochloric acid (for carbon dioxide), concentrated hydi’o- 
chloric acid (for chlorine). 

C and Cj. Gas wash bottles filled with suitable absorbents for the removal of 
impurities in the gas under investigation, e.g. in the case of chlorine, first 
water to remove the hydrogen chloride carried over with the chlorine from 
A, and then concentrated sulphuric acid to remove moisture ; in the case 
of the very hygroscopic hydrogen chloride, two lots of concentrated sulphuric 
acid to remove moisture. 

D. Three-way stop-cock whereby to connect Ci with F, either directly through 
H or indirectly through E. 

E. Ordinary flnt-bottomed flask (or Erlenmeyer flask) of about 250 c.c. capacity, 
with well-fitting rubber cork through which pass two glass tubes closed by 
the glass taps IV1 and N. 

F. Two-necked (or three-necked) Woulff bottle of at least litre capacity, com¬ 
municating by two tubes with D and E respectively, and carrying the safety 
funnel G ; the vessel is about § filled with a liquid which will completely 

. absorb the gas under investigation, and the excess of which this part of the 
apparatus is intended to deal with, e.g water for hydrogen chloride, potash 
for chlorine. Whether the delivery tubes are made to dij) under the surface 
of the liquid or are kept just above it, depends on the ease with which the 
gas is absorbed and the consequent danger of sucking back. 

G. Safety funnel containing in its bend the same liquid as that in F, and 
intended to show when all the air has been expelled by the gas on its way 
from A into G. 

H. India-rubber and glass tube connecting D with F. 

M and N. Glass taps closing E. 

P. Screw clip to prevent the escape of the gas investigated from the india- 
rubber tube when E is disconnected. 


Procedure. 

With D turned so that Ci and jF are connected through ff, .start the 
evolution of the gas in A by dropping liquid IVoiii the funnel B on to tlie 
si>lid, applying heat if needed and to the amount iictsled. Air bubbles will 
pass out at G, at first in 4piick succession, then more and more slowly until 
their stoppage shows that all the air has been swept out <*f tiuKSo parts ot 
the apparatus traversed by the gas, wliich now is completely absorbed in B. 
When this .stage has been reachetl, open B and J/ and A' aiul turn U so 
tliat there is communication between ('j and throng!i E •, tlie gas free 
from air now passes throijgh E, sweeping out the air from it, the completion ot 
which proce.ss is indicated as hefore hy means of O. Wlion we have evidence 
of E being full of gas, the various taps ami clip are manipulatc<l quickly in 
the following order: N is closed and then J/, after which E is turned so 
that C'l and E are again connecteil through // ; the next step is to stop the 
evolution of ga.s in <•!, or at any rate to make it as slow as po.ssible, after 
which tlie screw clip E is closed un<l E is <lctachc<l. The result of this way 



44 


Introductory 

of mainpulating is that the gaa contained in is at a pressure slightly 
higher than the atmospheric —N having been closed whilst the gas evolved 
in A had no otlier outlet—and hence, just before reading the thermometer, 
one or other of the taps M', JV, should be opened for a second, when the 
Ijressure will adjust itself to that of the atmosphere, the value of which 
is obtained by reading the barometer. The gas contained in the ends of the 
tubes, beyond the tai>s M, iV, should be replaced by air, which is most easily 
done by means of a glass tube drawn out to a long fine end and attached to 
hand bellows (fig. 6). 


Bellows 


iUKuuumuul 


Fig. 6. 

Whilst the process of filling would of course be the same for a graduated 
tube or any other vessel in which two suitable connections can be made for 
the inlet and outlet of gjis, the act\ial mejisurements—other than tempera¬ 
ture iind pressure—which it is necessary to make will depend on the object 
of the experiment. If it is intended to determine a density, as in the case 
to which the figure specially rcfer.-ii, the fla.sk nuist be weiglicd first when 
full of air (teunperature and pressure being noted), and then full of the 
gas under inve.stigation (the temperature and pressure being and />«.). It 
will add greatly to the value of the work done if a further test, this time 
quantitative, is ai)plie<l concerning the complete expulsion of air from Bhy 
connecting it with the gas supply for a second time atui making the constancy 
of weight the criterion ; the second filling should folh>w quickly on the first, 
{IS of course otherwise we might liave t(» make correctiojis for variations in 
teniperutui-e ami pre.ssurc before the re.sults of the two wcigliings could be 
compared. The only other measurement required is that of the volume of 
the gas, which is given by the volume of water filling the fitted-uj) flask to 
the tiips Jl, A ''; obviously it is essential that in making the volume measure¬ 
ment in the iminner indicate*! wc sliould be dealing with the volume actually 
c<»rrcsponding to that occupied by the gas weighed, which i)ostulates the 
cork being always pushed in as nearly as possible to exactly the same amount. 
Some variation in this is inevitsvble, but the error thus introduced need not 
be very large, it may liave a + or - value, and repetition of the experiment 
would almost eliminate it. Its maximum value can easily be found e.xperi- 
mentally by a .series of wcigliings <»f the fla.sk filled with water up to the tap.s, 
the cork having in each case been pushed in carefully to a mark made in the 
neck <jf the flask. To fill the flask for this purpose it is simplest to pour 
water right to the top of the quite empty flask ; then, \vhcn with tlie taps 
M and iV open, the cork with its fittings is pushed in, water will fill the 
delivery tubes completely up to the taps, the exce.ss flowing out at the open 
ends; after closing the taps, the excess yf water in the ends beyond the 
taps can be shaken out or soaked uj) with blotting paper. The volume of 
water is then measured, either .somewhat roughly by being i>oured into a 
measuring cylinder, or more accurately by being weighed (do not commit 
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the crime of weighing to more than decigrams !). Of course the error intro¬ 
duced into the volume measurement by the uncertainty in the pushing home 
of the cork may be obviated by arranging so as not to have to take the cork 
out at all in the course of any one experiment; in this case the flask is filled 
by suction applied at the end nearest whilst M dips under water; in 
order to fill the flask completely in this manner, it is essential that the other 
end of N should be flush with the cork, otherwise it will be impossible to 
get rid of the air in the space indicated in fig. 7 by the dots. 



It should be remembered also that in any case, before the 
water is introduced, the gas filling the flask—which probably 
would be at least fairly soluble in water, perhaps very soluble 
—should be replaced by air. This is done to avoid the pro¬ 
duction of a gaseous solution Avhich would not lend itself to 
the purpose of a volume measurement, in which we deterinine 
the weight of liejuid filling the flask and assume that the 
specific volume (the volume occupied by unit weight, l.e. the 
reciprocal of the density) is that of water, which under the 
special conditions may be taken to be 1 ooo c.c. [>er 1 OUO gram. 
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Record of results. 

The following* tables give the results obtained by a class 
of students in the determination of the density of chlorine. 


A. Specimens of note-book entries. 


The weight of 1 litre of chlorine at 0*^ C. and 760 mm. pressure, found by 
determining the^Yeight of a flask of known volume filled first with air at 
aud p„ mm., and then with chlorine at and mm., the density of air at 
0° and 700 mm. being taken as 1‘‘293 grams per litre. 


Wt. of flask filled with air . 

... = ir 

at temp. 

... 

and pressure . 

• • • 

Wt. of flask filled with chlorine : 


1st filling ] 


‘2nd ,, y . 

,= 7f j 

3rd .. ) 


at temp. 

... 

and pressure . 

... 2^e 


Vol. of gas hold in flask (ascertained by 
useof water and measuring cylinder) = V c.c. 


Wt. of air filling flask at f(,®andp„mra. 

•273 X 


= •001*293 X T'x 


(273+ f„) 700 



Wt. of vacuous flask 



Wt. of chlorine filling flask at f ®and 

Pf rum.= ir„ 

Deusitv’ of chlorine, i.c. wt. of 1000c.c. 

(»V- X1000 

. 273 xp, 

(‘273 + 1^) 760 


at 0^ and 700 mm. 


(i) 

(») 

1 

i 97*281 gms. 
13° C. 

763 mm. 

115*731 gms. 
14® C. 

756 mm. 

97*773 gms. ; 

97*773 ,, j 

1 

13® C. 

763 mm. 

116*172 gms. 
110*182 „ 

! 110*183 ,, 

14®C. 

756 mm. 

274 c.c. 

232 c.c. 

•340 gms. 

*284 gms. 

96*941 „ 

115*447 „ 

■83*2 ,, 

•736 „ 

3*17 

gras, per litre 

3*35 

gms. per litre 
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B, Summary of results of class. 

Summary of Besults obtained by a class of 13 students 


Student A 

3-23 

6 

3-22 

C 

311 

D 

3-33 

E 

3*28 

(F 

2-76) 

G 

3-23 

H 

3-24 

I 

3-21 

(J 

3-00) 

K 

3-30 

L 

312 

M 

3-24 


Mean of 11 experimcnts = 3'228 


Calculated Value obtained by use of Avogadro’s hypothesis. 

Density of chlorine = density oxygen x molcc. wt. chloriue (O = 3-2-00) 

molec. wt. oxygen 

which, since the atomicities of both gases are the same, becomes 

density oxygen x atomic wt. chlorine (O = 16001 l-429 x35-46 

atomic wt. oxygen iTToO “ *“ 


Standard Values: Gay-Lussac and Thdnard 1801 

Bunsen 

3-19 

316.5 

Ludwig 

18G8 

3-2073 

Jahn 

1882 

3-200 

Leduc 

1807 

3-2-20 

Moissan and Binet 

1U03 

3-2-20 


•167 



CHAPTER I 


THE ^^VTURE AND RECOGNITION OF CHEMICAL CHANGE 

I. Desirability of describing- and circumscribing 

subject-matter of chemistry. 

It is always an important and generally a difficult problem 
to decide upon the plan to be followed in the presentation of 
a big province of knowledge to a special type of enquirers 
and learners. But whatever may be the outstanding feature 
of the method adopted, provided that the public addressed— 
whether in printer verbally—is composed of people who have 
reached some maturity of mind, the starting-point at an^’ rate 
is nearly always the same: it consists in an attempt to define 
the proclnce of the subject dealt with, i.e. to characterise the 
phenomena comprised in it. In the case of a subject which 
antecedent classification has already recognised as a concrete 
or experimental science, it aims at staking off the piece of 
ground which in the wide field of real occurrences, of so-called 
natural phenomena, has been selected for special exploration. 
This is a logically rational course, and hence one that should 
commend itself to all thoughtful students, provided always 
that we do not overlook the <lifficulties that beset it. 

1. Difficulties inherent in the classification of the sciences. 

There is the difficulty, inherent in all classification, of 
deciding on an intellectual basis; 

There seems to be a peculiar faseiuatioii in attempting to classify the 
sciences, and many great intellects have puzzled over the problem. 

(.1. A. Tliomsoji, Introduction to Science.) 

Bacon, Comte, Herbert Spencer, Bain, Professor Karl Pearson, 
are the names cjuoted whenever this subject receives detailed 
treatment. But it is not the multiplicity of classifications that 
need trouble us. 
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Tlie cljissification of the sciences is a matter of pi-actical and intellectual 
convenience, but it is full of difficulties....It does not matter very much 
which clarification is adopted ; the important thing is to have in mind some 
classification which one has made one’s o\mi. (^Ihid.'s 

Tlie real difficulty would seem to be of anotlier nature, and 
to lie in the impossibility of applying hard and fast classification 
and definition to natural phenomena the very essence of which, 
when studied in their entirety and interdependence, is gradual 
transition by infinitesimally small diflerences, development by 
evolution. The boundary between allied sciences such as 
zoology and botany, physics and chemistry, is certainly not a 
line in the sense of the Euclidean definition, but a broad tract 
accommodating many organisms, many phenomena respec¬ 
tively. And even where we had been wont to accept, so 
implicitly as almost to postulate it, a clear line of demarca¬ 
tion, the growth of knowledge tends to blur it. Thus as 
regards the distinction between living and lifeless, animate 
and inanimate matter, the student is recommended to read iti 
connection with this Prof. Schafer’s 1912 Presidential Address 
to the British Association. We have been in the habit of 
giving the name 'animate,’ or ijossessed of life, to hetero¬ 
geneous matter built up in a complex manner, and in its 
^ggi'egate giving units endowed with special potentialities 
for spontaneous movement, assimilation and disassimilation, 
growth and decay, differentiation of parts and reproduction; 
and to consider inanimate or lifeless, matter devoid of these 
special properties. Prof. Schafer has tried to show that, taking 
these properties one by one, each of them is also exhibited by 
some form of matter hitherto unhesitatingly classed as inani¬ 
mate. Hence it is clear that when it comes to classification 
of closely allied branches of science, there is much oppor¬ 
tunity for dialectic wrangling, of which those who are intent 

on drawing sharp boundary lines have always availed them- 
.selves fully. 

2. Utility of classification. 

But to those who approach the subject from the truly 
scientific, which is identical with the practically useful and 
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not with the barren metaphysical point of view, all classi¬ 
fication is merely a matter of convenience in which we are 
guided rather by the consideration whether it will take us a 
long way towards the accomplishment of our aim, which is 
a concise description of the knowable universe, than by the 
insistence on not using' any that does not go all the waj'. 
After all, it is the si^ecial substance, the special phenomenon 
studied that are of primary importance, and not the question 
as to whether the organism rightly belongs to the class plants 
or the class animals, or whether a definite change observed in 
a certain substance should be classed as i>hysical or chemical 
(see p. 79). Take for instance the case of the dis¬ 

tinction between animate and inanimate. We may assume 
that Professor Schafer, in spite of the fact that he has tried 
to prove the absence of any sharp distinction between the 
two, would not wish to see treated in the same text book, in 
the same course of lectures, the properties of iron and the 
embryology of the frog; that he would not quarrel with the 
view which considers the substance iron and the organism frog 
as exhibiting essential and easily apprehended differences, 
which when we deal with other bodies make us unhesitatingly 
class water and coal with iron, a butterfly and an amoeba with 
the frog. 

It may be taken, therefore, that in spite of the difficulty 
arising from the fact that different branches of knowledge 
almost imperceptibly merge into one another, it is always 
jtossible, by choosing definite and easily apprehended ex¬ 
amples, to discover some salient features which mark oft into 
distinct classes the majority of the cases met with, which 
supply the base for some definition whereby the subject- 
matter and scope of a special branch of knowledge may be 
described and circumscribecL Such a procedure from its very 
nature affords opportunity for the display of personal bias 
aiul arbitrariness as to how much of the borderland is annexed 
from or ceded to the realm on the other side. But from what 
has been said already it should be evident that this is not a 
matter of real ])ractical importance; all the more as it is not 
only according to the nature of the subject-matter that we 
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classify, but also according to the point of view from which 
we happen to consider it^ 

3. The place of chemistry in the scheme of classification 
of the sciences. 

Having thus recognised the possibility and the practical 
utility of some system of classifying the sciences, it remains 
to find the place held within such a system by chemistry. 
The following may be accepted as a good working definition 
of the scope of science: ‘The subject-matter of science 
includes all clearly defined facts of experience whicii are 
communicable and verifiable.’ It may be useful to show by 
some examples the precise meaning to be attached to the 
terms ‘communicable’ and ‘verifiable’ used in the above 
connection, by indicating what sort of facts of experience do 
not fulfil these requirements and remain therefore outside 
the scope of science. We have all heard about the sea-ser¬ 
pent, and not a year passes without news of its having been 
seen, together with a more or less detailed description of its 
appearance; yet, it does not find a place in any text book of 
zoology, and will never do so unless a specimen is produced, 
whereby the experience of one can be communicated to all. 
Again, in the year 1903 much interest was aroused in the 
scientific world by the supposed discover}' by Blondlot, a 
distinguished physicist and professor at Xancy, of a new kind 
of radiation, termed by him N-rays (from Xancy). These 
rays were said to be emitted by incandescent burners or by 
any material in a state of elastic strain, such as a file, wood oi- 
glass that had been compressed; they were described as waves 
of extremely small wave-length, which did not produce lumi¬ 
nosity, nor phosphorescence, nor photographic eftect, but winch 
could be detected by their property of increasing the intensity 
of very feebly luminous objects, such as a faint electric spark 
or a very small feeble gas flame. English and German ob¬ 
servers and the majority of the French physicists who occupied 

' ...a frequent cause of confusion lias been to attempt to map out territories 
as preserves of particular sciences...the chemist may give his life to the studv of 
the odoriferous substances in flowers and yet never ask one biological question. 
(J. A. Thomson, ibid.) 


4—2 
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themselves with the subject, when working under the con¬ 
ditions postulated, failed to reproduce any of the effects 
clescribed by Blondlot and some of his French confreres', 
hence, since tlie experience was not verifiable, N-rays are 
not found in any text book of phj’sics, and the importance of 
the episode, which ‘ will always form an interesting and in¬ 
structive chapter in the history of human erroi's ’ is merely 
psychological, psychoph^^sical and physiological. 

The first step in the classification of the sciences is the 
division into concrete or experimental, and abstract sciences. 

The concrete sciences, e.<f. biology, physics, chemistry, deal with and 
<lescribe the facts of experience, real existences and i)hcnomena, as opposed 
to the absti*act sciences mathematics and log^c), which are methodo¬ 
logical, i.e. deal with modes and methods of such descriptions, and supply 
the intellectual instruments required for the purpose of these descriptions. 

The concrete or experimental sciences comprise the two 
classes termed ‘biological’ Ke.g. botany, zoology) and ‘phy'sical’ 
(e.f/. mineralogy, physics), wliich deal with animate and in¬ 
animate matter respectively. The attributes summed up in 
the term ‘animate,’ possessed of life, have already been 
enumerated p. 49). When the inanimate matter in¬ 

vestigated in the physical sciences is considered irresi)ective 
of its size, shape, occurrence in nature and origiii, we deal 
witli what arc termed ‘substances,’ and the study of the 
properties possessed b^" and the changes undergone by all 
tlic diftcrent substances met with in nature and prepared 
artificially is the province of the two sciences physics and 
chemistry. Moreover in the.se two sciences, especially in 
clicmistry, there is a tendency to select for separate consider¬ 
ation the homogeneous* constituents of the heterogeneous* 
agglomerations found native or produced industrially, e.g. to 

* All matter may be clnssilied as being either homogeneous (6/i6s = the same, 
and 7 <Vos = kind), when the physical i>ioperties measuj-ed at any point are the 
sumo as those measured in the same direction at any other point, or heterogeneous 
(«>€/>« = other), when this is not the case. Ice in contact with liijuid water is a 
heterogeneous system ; so is a piece of granite, in which the constituent particles 
of tjnartz, felspar and mica may be detected by the naked eye. Solutions, gase¬ 
ous mixtures, chemical elements, and compounds in the same etate of aggregation 
and in the absence of isomeric modifications, are instances of homogeneous 
systems. 
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investigate separately the quartz, mica and felspar of which 
granite is made rather than the granite itself; to deal with 
Avater, chalk, and carbon dioxide, and not with the river or 
spring Avater Avhich by boiling can be separated into these 
substances. 

II. The nature of chemical change. 

The next question is that of the differentiation betAveen 
the changes in matter studied under physics and cheiuistry 
respectively. In accordance Avith Avhat has been said before, 
it will be best to deduce these inductively fi’om the con¬ 
sideration of a number of simple typical cases, not near the 
boundary line but on the contrary shoAving very clearly an 
essential difference. 

1. Typical cases to show the existence of two kinds of 
change that substances can undergo. 

Experiment II. Invc.stigatc the effect of heat on : 

(ij Pliitinum. 

(ii) Zinc oxitle. 

(iii) Nitrate of lead or carbonate of manganese. 

(iv) Copper-calcium acetate or lead-potassium iotlide. 

All these are cases in wliicli experience has sh<»\vn tliat the change 
observed is indcpen<lcnt of the presence of air, i.e. that if the heating were 
ilone in an evacuated vessel the result would be precisely the same as that 
observed when, as is proposed here, tlie substances arc heated in contact 
with air. 

I«)dine, lead peroxide, thermite (mixture of aluminium powder and ferric 
oxide in the ratio 1 to 3 i)arts hy weight) are other suitahlc substances for use 
in addition to or instead of tho.se given above. 

'I'he principle of this and the folh>\nng experiment consists in raising the 
temperature of the substance investigated by suitable means, noting any 
change occurring, re-establishing the original conditions hy cooling to the 
temjierature of the surrounding air and comparing the resulting substance 
or substances witli the original one. 

(i) LTse the metal platinum in the form of wire or of foil or of povvdej- 
depositeil on asbestos fihre\ and heat directly by holding in the Bunsen 
flame. 

* This so-called ‘platinised asbestos’ is easily made by dipping an asbestos 
fibre into a solution of platinum chloride and then igniting it in the Bunsen 
fiame. 
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(ii) Use a specimen of zinc oxide in the form of powder which has been 
dried by keeping; for some time in a desiccator. Heat a little in a small 
crucible or dish, or dry test-tube^ or ignition tube of hard glass, preferably 
the latter. 

(iii) In the heating of lead niti-ate (powder the crystals before use) and 
manganous carbonate, pi*oceed us under (ii), heating until no further change 
seems to occur. In the case of the manganous carbonate, demonstrate the 
cvohition of a colourless ga.s which extinguishes a glo^ving splint and which 
turns milky a drop of lime water held at the end of a rod*. 

(iv) Heat the beautiful blue crystals of copper-calcium acetate to a 

temperature below 100“C., under .such co)iditions 
that the water liberated at that temperature 
cannot escape readily, and that in cooling it can 
he reabsorbed. A simple plan is to fill a clean 
tlry test-tube with the crystals, closing it by a 
cork through which piisses a tube drawn out to a 
fine point, and to effect the heating by immersion 
of the lotcer portion of this tube in a beaker of hot 
water (fig. 8); as soon ;is a colour change is noticed, 
the tube should be cooled by lidding it under the 
tap. The double acetate can be easily prepared 
by dissolving 25 g;i*ams of calcium acetate in 
150 c.c. of water, a<lding 7 grams of finely 
IMiwdercd copper acetate in small cpiantities at 
a time to the boiling solution, filtcnng and allow¬ 
ing to stiuid over night to crystsillise. 

Lead pot;issium iodide can bo prepared and 
experimented with according to the following directions: 

A hot solution of 4 gi-ams of lead nitrate in 15 c.c. of water is mixed with 
a hot .solution of 15 grams of potassium iodide in 15 c.c. of water....On 
cooling to room temperature, the [deep yellow] crystals of lead iodide dis¬ 
appear, ami a very pale yellow, felted mass of crystal needles is produced. 
On lieating, the fiialc Yellow] crystals...disappear, with the re-formation of 
the [<leep yellow] lead hxlide ; on cooling [the change is reversed]. 

(Biltz, Laboratory Methods nf Inorganic Chemistry.) 

Experiment III. Investigate the effect of heat on the following 
substances : 

(i) iVIag])osiuni. 

(ii) Iron. 

(iii) Oiprous oxiile. 

‘ .\n ordinary test-tube of thin glass will of course collapse if heated in the 
Bunsen flame and become unsuitable for further use. 

- A better way of carr 3 *ing out this test consi.sts in pouring the gas, which is 
heavier than air, into a small test-tube which contains a x'ertj little lime water, 
leaving the larger part of the tube empty for the reception of the gas to be intro¬ 
duced into it, and then shaking up. 


X 



Fig. 8. 
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These are all substances in which experience has shown that in the 
change whicli is t)bsevvcd to occur when the heating is done in the presence 
(►f air, the air is an essential factor, since when the heating is done in an 
evacuated vessel no such change occurs. 

(i) Use the nnxgnesiuiu in the form of wire or ribbon or wool >, preferably 
the latter, and try to obtain a product (piite white and not mixed with any 
unchanged magnesium. For this it is necessary burn the inagnesiuin, 
holding it with crucible tongs or hanging over a glass rod, and letting the 
completely burnt mass drop intt) a porcelain dish. Note that if burned 
when supported on porcelain or ghiss, the white powder produced is mi.xed 
with a black mass, and that if the burning is done in an insufficient supply 
of air (as may happen when the magnesium is packed tight in a crucible or 
wrapi>ed in a fairly tight bundle) a yellow core’^ is formed. 

(ii) The iron can be u.sed in the form of powdery reduced iron, put 
in a little heap on a .strip of bent-up fine iron gauze supported on an 



Fig. 9. 


asbestos sheet and hcateil by a Jhmsen burner (fig. 0); or as .steel wool* 
belli in the flame with crucible tongs; or as the so-called pyrophoric iron 
kejit in a sealed or corked-uj) tube out of contact with air, which when 
shaken out of the tube catches fire spontaneously, the burnt sub.staiice being 
allowed to fall into a dish or on to a sheet of asbesto.s. The pyrophoric ircni 
can be bought in sealed tubes, or can be easily prepared as wanted by 
heating ferrous oxalate (interesting jvs a yeUoic ferrous salt) contained in 
a thin-walled test-tube which is sealed up whilst the evolution of gas is still 
'^oiiu'' on If the sub.stsince is wanted for immediate use it suffices to close 


' An article in the Xx. /. d. physik. ii. chem. Unterricht, 1913, p. loo, advo¬ 
cates the use of metal wools in a number of students’ experinicnts. 

- The black substance is magnesium silicide, due to tlie reduction by the 
magnesium of some of the silica of the crucible to silicon, which then combine.s 
with a further amount of magnesium ; the yellow substance is magnesium 
nitride, due to the combination of the magnesium with the nitrogen of the air. 
The great ease w'ith whicii these substances are formed makes magnesium quite 
unsuitable fur use in experiments on the composition of air. 
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the tube with a well-fitting cork when the colour of the substance is a uniform 
black and then to let it cool. (Fig. 10.) 

Manganous oxide, which can be conveniently prepared by heating 
manganous oxalate in a stream of hydrogen, may if desired be substituted 
for pyrophoric iron. 



(iii) Use cuprous oxide dried by being kept in a desiccator. 
Spread a thin layer in an open dish and heat by a Bunsen burner. 


Experiment IV. Investigate the eftect on iodine of 

(i) Carbon bisulpltide. 

(ii) A solution of ammonium sulphite, 
in each case evaporating to dryness the solution obtained. 


(i) Treat a small crystal of iodine wth about 5 c.c. of carbon bisuli>hide 
in a test tube, sltake up and place the solution on a fair-sized watch-glass 
(G to 7 cm. diameter), evai>onitc by blowing air over the surface by means 
of a hand bellows or any other suitable method which the means at yotir 
disposal enable you to use {e.g. suction applied by means of a glass tube 
connected with a water exhaustion pump). 


(ii) Prepare an alkaline solution of ammonium sulphite from fairly 
dilute solutions (about N/VJ) of ammonia and sulphurous acid by tlie following 
method. Find by titration, using methyl orange jxs indicator*, the volume m 
of ammonia solution retpiired to neutralise n c.c. (say 10 c.c.) of the .acid, and 
I>repare the alkaline sulphite solution re<iuired by adding to 2.50 c.c. of the 

acid “ ' of the ammonia solution, that is, a quantity twice that 


'll 


required for neutralisation as found by titiution. Suspend a small amount 
of powdered iodine (ab<»ut 1 gram) in water, and cautiously add the alkaline 


I The pink colour of the methyl orange in the solution of sulphurous acid 
changes to yellow when the acid is all converted to ammonium hydrogen 
sulphite. 
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sulphite solution imtil all the colour due to the iodine is just destroyed and 
an absolutely colourless liquid has 
been obtained. If too much sulphite 
should have been added, restore the 
brown or yellow colour by adding a 
tiny speck of iodine, and then hnd 
the exact end point by the cautious 
addition of more sulphite solution^. 

Evaporate to dryness on the water 
bath, keeping the dish protected by 
putting over it a big funnel supported 
by corks (fig, 11), 

A review of the results 
obtained in these three ex¬ 
periments brings out the fact 
that they are of two essenti¬ 
ally different types. Compari¬ 
son of the original substance 
Avith the product obtained 
when the original conditions 
have been re-established, 
shows quite unmistakably 
and conclusively that in Exps. 

II (iii), III (i), (ii), and (iii) and in IV (ii) a substance different 
from the original has been produced, i.e. that a permanent 
change has been effected. The mere appearance indicates this, 
and further tests, in which the solvent effect of water and 
various acids may be tried, corroborate it. On the other hand, 
as far as ai>pearance goes, in Exps. II (i), (ii), (iv) and in IV (i) 
tlie product shows no difference from the original substance, 
and as far as the evidence goes, any change observed under the 
altered conditions has been temporary only, re-establishment 
of the original conditions reproducing the original properties. 
Mere, of course, our evidence for the identity of the two sub¬ 
stances and tlic consequent non-occurrence of a permanent 
cliange is far from conclusive, being based only on appear¬ 
ance. This point will be dealt with fully' later on. But for 

* This experiment is of historical interest, because it repioduces the metliod 
used by Stas for the change of iodine to iodide in his complete gravimetric 
synthesis of silver iodide. See pon, pp. 217 et seq .; also Freund, The Study of 
Chemical Composition, p. GG. 


I 
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the purposes of the present argument, irrespective of whether 
there has or has not been further evidence for the identity 
of the two substances, the position can be legitimised by the 
continual use of the qualifying sentence ‘ as far as the evidence 
available goes.’ 

Moreover, whilst the temporary changes can be repeated 
at will an indefinite number of times, in the case of the other 
type—provided the change of conditions had been maintained 
long enough to make the change complete—the phenomena 
observed during the change cannot be repeated. Thus the 
change of yellow to orange and back again to yellow in the 
double iodide of lead and potassium can be made to recur as 
ofteii as we wish by just plunging the tube into beakers of 
hot and cold water successively; on the other hand, when in 
the heating of lead nitrate the white cr 3 ’stals jdeld a red gas 
and a j^ellow solid, the evolution of gas soon comes to an end, 
and the yellow solid, when heated again after it has been 
allowed to cool, either apparently remains unchanged or fuses 
without a recurrence of the phenomena first observed in the 
heating of the nitrate. 


2. Current definitions which bring out the accepted 
division between physics and chemistry. 

This classification of the changes that matter can undergo, 
necessitated by the results of the preceding experiments, 
sui>plies the basis for the accepted division between physics 
and chemistry, and finds expression in current definitions 
.such as the following : 


Phy.sics deals with the teiiiiieniry, chemistry with the permiinent changes 
that matter c:in mulergo. 

Physics investigates the projicrties eomimin to all kinds of matter and 
diffeiing onlv in degree, snch as density, jiower of conducting an electric 
cniTentTetc.'; chemistry deals with the‘iwoperties which belong to certain 
kinds of matter and not to others, whicli chsiractense one kind of matter and 
differentiate it from all other matter, such as the property possessed hy 
water of yielding under suitable treatment the two g;iscs hydrogen and 
oxvgen in a fixed ratio. 

‘(’hemistrv is tlic science dealing with the study of all the homogeneous 
kinds of matter met with in Nature, and with the permanent changes these 
can un<lerg<j when transformed into other kinds of matter. 
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The common feature of all these definitions of chemistry 
is evidently the insistence on the production of a permanent 
change^ the formation of a different Kind of matter \ but 
‘permanent change’ and ‘production of a different kind of 
matter ’ are really only different names for one and the same 
thing, since it is the production of a different kind of matter 
that constitutes the permanent change, and vice vers<(. 


III. Criteria for the occurrence of a chemical 

change. 

In accepting the above definitions as merely verbal variants 
of one and the same view concerning the essential nature of 
chemical change, we are confi*onted with the problem of the 
deductive application of the principle involved, >vith the actual 
determination in practice of whether a change observed is 
chemical or physical, whether a new kind of matter has or has 
not been formed. 

1. Let us begin by considering the problem in its theo¬ 
retical aspect, so as to realise clearly the nature of the method 
that has to be followed. The question we have to answer is 
whetlier the substance resulting from the change is identiad 
with the original or not. What does this mean precisely, and 
how are we to decide ? 

It lijus been fniiiul jus the result «>f innumentble iiivcstigutions that 
•Ufferent speciinens of tlio .sj»inc substsmee hjive exactly the sjnne i)roj)erties, 
jincl that if these propei-ties sire measurable {e.g. density, liejit cjipiicitv, 
eleetneal and thermal coiuiuetivity, [quantitative foinp(»sition],i, tlieir vjdues 
jirc not merely siinihir, but that within the limit of experimental error they 
sire identicjil. (Ostwaid.) 

This is a statement so generally accepted that it is apt to 
l>e looked upon as a truism, but there is no a priori reason 
for so regarding it, and many an investigation has been under¬ 
taken with the object of putting it to an experimental test. 
Thus Stas synthesised silver cldoride and analysed ammonium 
chloride witli the express object of ascertaining wliether the 
ratio between the components was always the same or not, 
however widely different might liave been the inodes of pre¬ 
paration of tlie various specimens used. Hut if we accept the 
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above statement, not on a jn'iori grounds but as an empirical 
generalisation, it follows that : 

(a) One definitel}^ established difference between the 
original substance and that resulting from the change is 
sufficient proof of the occurrence of a permanent or chemical 
change’; e.g. whilst iron dissolves easily in dilute acid with 
the evolution of a combustible gas, the burnt iron (which 
moreover differs also in colour) dissolves much less easily and 
does so without effervescence. The change may consist in 
the appearance or the disappearance of a qualitative pro- 
2 yerty (such as solubility in water or in a special acid), or in a 
variationoi the value of a quantitative prop>ertn (such as the 
value of the coefficient of solubility^). 

{l>) Absence of permanent change involves the identity 
in all properties of the original substance with that resulting 
from the change. Hence experimental work which merely 
shows identity in one or two pi’operties {e.g. colour, behaviour 
towards acids) fails to establish complete identity. It would 
seem therefore as if classification of an observed change as 
temporary, and hence physical, must always be provisional, 
as every substance has almost innumerable properties, and it 
obviously would be impossible to investigate them all. But 
here we are helped by an empirical law, i.e. a generalisation 
from many actual observations, which states that 

whcMi two .substances ajfree enth'eiif in a few proiMjrtie.s they agree ulst) witli 
regai’tl to all other propertie.s. (Ostwalcl.) 

The term ‘ few ’ is rather vague; does it mean two or three 
or twentybut ‘ entirely ’ saves the situation, since it carries 
with it a quantitative meaning. 

It has been found that when properties capable of being 
measured in termsof some suitable unit, quant i tat i re 

properties, are considered, each substance possesses these to 
a specific amount characteristic of itself, and that even where 
at first the agreement in properties between two given sub¬ 
stances had seemed so close as to be compatible with identity, 
increased accuracy in the measurements reveals undoubted 

\ A. vei'v cl till r ])vonouuccinGDt ou this point, iiicidc fts fa.v buck as 1777 by 
Sclit'clc, is contained in tlie quotation ou p* 77. “ Seepo^'t, p. 



Nature and Recognition of Chemical Change 61 

differences^ The manner in which tlie results of <iiialitative 
experiments are amplified and modified through the determi¬ 
nation of the quantitative value of the properties involved, 
may be illustrated by the following example: 

(1) The white solid sodium bicarbonate, when heated, 
leaves another white solid; the original substance and the 
product obtained on heating are not only both Avliite but are 
both soluble in water; both effervesce with acids, yielding 
carbonic acid gas; both colour the Bunsen flame brilliantly 
yellow. Are the two identical ? The required agreement in 
a few properties seems to be supplied, but is the agreement 
of a kind justifying the use of the term ‘entirely’? The 
following table, giving the values for certain quantitative 
properties, supplies the answer: 

1 ^ ^ Product of beating 

Sodium bicarbonate sodium bicarbonate 

Colour, state of aggregation White solid 

Action of water Soluble 

100 parts of water at 20® dissolve 9-6 

Action of dilute acid Effervescence 

Amount of carbon dioxide evolved I 

from 100 gms. 52-4 

(2) An even more striking example, well suited to show 
the desirability of a provisional character in most of our em¬ 
pirical classifications, is aftbrded by the case of the substances 
called dextro- and laevo-tartaric acid already referred to 
(p. 4). Most searching and most accurate study, qualitative 
and quantitative, yields identical results as regards a 
number of properties very large and very varied. The two 
substances possess the same melting point, tlie same solubility 
in various solvents, the same electrical conductivity and rate 

^ Cobalt and nickel, elements which bad been recognised since the time of 
their discovery by obvious differences as distinct substances, at one time were 
supposed to have the same atomic weight, the values given in Lothar Meyer’s 
Modern Theories of Chemistry, ed. 1H88. being 58-6 for both ; but increased skill 
in the preparation of the pure substances and increased accuracy in the nicasuie- 
ments involved have yielded the present standard values, which are Co = o9*0, 
Ni = .'58-7. Conversely, a definitely established difference in the value of a 
quantitative property, however small, proves a difference between the two 
substances ; the search for the cause of this difference in the case of nitrogen 
obtained from the air and from chemical compounds, which were found by Lord 
ll'iyleigh to differ slightly in density, the values being 1-2.>71 and 1-2507 grams 
per litre respectively, led to the discovery of argon. 


White solid 
Soluble 
21-5 

Effervescence 

41-.5 
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of diffusion ; their metallic salts have the same composition, 
crj'stallise with the same number of molecules of water of 
crystallisation, have the same solubility; their esters^ fuse 
and boil at the same temperatures. Would it not seem, then, 
that the evidence for the identity of the two substances is 
absolutely conclusive? and yet, when the investigation is 
pushed further still, there are found differences so distinct 
as to make the opposite inference inevitable. Whilst the one 
substance rotates the plane of polarisation of light to the 
right, the other does so to exactly the same amount to the 
left; whilst the acid which is dextro-rotatory forms with 
cinchonine (a base allied to quinine, which itself rotates the 
plane of polarisation) an acid salt cr 3 "stallisiiig with 4 mole¬ 
cules of water and ver^- easilj’ soluble in alcohol, the corre¬ 
sponding salt of the laevo-acid cr^'stallises with 1 molecule 
of water and is but little soluble in alcohol; the dextro-acid 
is verj’ much moi'e readilj’ attacked b^' micro-organisms active 
in the process of fermentation {e.g. Penivillinm glanaan) than 
is the case with the laevo-variety. The diffei*ence in crystal¬ 
line form, as shown by the exhibition of opposite hemihedrisin, 
which originallv led to Pasteur's discover^' of the laevo-acid, 
has already been mentioned {antr, p. 4). If we remember 
that it was only in 181”> that the phenomenon of optical rota¬ 
tion was discovered hy Biot, and consider how recondite are 
the other properties enumerated above (all discovered by 
Pasteur^) which differentiate the two substances, we may well 
wonder what the futvire ma}' still have in store for us in the 
matter of finding difference where hitherto we have assumed 


identity. 

2. After this discussion of the theoretical nature of the 
problem that has to be solved in classing a change as physical 

• • Kstfis’ are compounds obtained by the interaction between alcohols and 
acids, when water is eliminated and substances are produced which are analogous 
to metallic salts. 

KOH + HCl = KCl + HoO 


potass, hydrate hydrogen chloride 

C:jH:,6h + H.C:iH:,Oo 

alcohol acetic acid 

(ethyl hydrate). 

- Alembic ClubUei>rint3, No. 11, Pasteur, 


potass, chloride water 

+ HoO 

ethyl acetate water 

liest'arches on Molecular Asymynetri/. 
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or chemical, it remains to show in what the actual work to be 
done consists. No definite rules for procedure can be given 
for the experimental work required in the comparative in¬ 
vestigation of two substances. Whilst chance trial often has 
to be the dominant feature in what is done, full scope is of 
course given for the experience which has shown that trial 
along certain definite lines {e.g. determination of the melting 
point, the boiling point and the density; the action of water, 
of dilute and of strong acids, of alkalis, of oxidising and of 
reducing agents) is likely to lead to some success. Obviously, 
therefore, the experience and instinct (itself a result of ex¬ 
perience) of the experimenter are all-important, and students 
wlio carry out an experiment illustrative of the difference 
between physical and chemical change according to the 
<lirections given in a text book should realise that they come 
in for the result of a vastly greater amount of previous 
work tlian appears at first sight; that what they are directed 
to do represents but that small residual fraction of the various 
devices tried which has yielded positive results; and that if a 
student were set to work on an unknown substance without 
directions as to the choice of the special properties to be 
investigated, a complete record of his work would almost 
certainly contain a considerable number of negative results, 
though of course it might so happen that at a quite early stage 
the establishment of some definite qualitative or quantitative 
difference, or of some quantitative identity' decided the case. 
But however great may be tlie diversity of the various device.s 
adopted and of the tests applied, three distinct steps may be 
recognised in the sefpience of the nork. 


(a) The production of a change in conditions, whereby 
opportunity is afforded for the occurrence of a change, per¬ 
manent or temporal^, in the substance .1 M'hieh is hehrr 
investigated. This ma^' consist in raising or lowering the 
temperature; or in making A interact in solution with another 

‘In research dealing with organic substances carbon compounds) the 
determination of the melting point of a substance which has been put through a 

series of continued crystallisations or other changes is taken asamo^st importaiU 
enteuon concerning the occurrence or uou-occurroncc of a change 
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substance, etc., etc. Any change occurring, such as fusion, 
ebullition, evolution of a gas, precipitation of a solid, is care¬ 
fully watched, and the operation of heating, or of addition of 
another solution, or whatever else the change in conditions 
may consist in, is continued until such change as occurs is 
completed, a point which is decided either by appearance {e,g. 
cessation of the appearance of a red gas in the heating of lead 
nitrate, Exp. II (iii)), or by some special test applied for the 
purpose {e.g. absence of hydrogen evolution on the treatment 
with acid of a specimen of iron that is being ‘burnt,’ Exp. Ill 
(ii)). The original conditions are then re-established, e.g, 
heating or cooling is stopped, a solvent used is removed by 
evaporation (Exp. IV (i) and (ii)). 

(6) Suitable arrangements must be made for collecting 
the product of the reaction in sufficient amount for the sub- 
secpient investigation of its properties. The means adopted 
for this end must of course depend on the special case. If the 
change occurring involves the production of a vapour, this 
must be condensed and the liquid collected ; if a gas, this 
must be collecte<l, and the mode of collection will have to 
vary according as to whether the gas is soluble or insoluble 
in water, whether it is heavier or lightei- tlian air. If a pre¬ 
cipitate is formed by the interaction between two solutions, 
this must by filtration be separated from the liquid and as 
much as i) 0 ssiblc freed from the latter, etc., etc. 

(c) Tlie properties of the original substance(or substances) 
are compared with those of the substance (or substances) 
resulting from the change, the properties investigated being 
(a) qualitative or (/3) qualitative and quantitative; the wider 
the scope of the comparison the better, though, as has been 
said already, it may so happen that at a quite early stage 
material for a definite conclusion is found. It may be well 
to repeat what has already been emi)hasised, that no rule can 
be laid down with regard to the choice of properties to be 
investigated. In the case of a students’ experiment it is highly 
desirable to record the results in tabular form ; a way of 
doing tliis is suggested below. Obviously it will be possible 
for the student to arrange the order of the work in two ways, 
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either trying each test successively with A and A', the original 

substance and that resulting from the change (filling in the 

columns of the table horizontally), or dealing exhaustively 

first \vith A and then with (filling in the columns vertically). 

There is no a priori theoretical preference for either course 

but ill practice it will probably in most cases mean a saving 

of time to follow the first plan, which of course assumes that 

a sufficient supply of A' has been made available before 

beginning. If however A' should take long to prepare, and 

the process should be of a kind which does not require much 

attention, it might be carried on simultaneously with the 

complete study of A. The justification for saying so much 

on this point is that it clearly brings out the necessity for 

preceding the actual expcriiiiental work by a critical exami- 

nation of the problem to be dealt with and by drawing up a 
(lefinite plan of action. 


3. Examples of the manner of dealing with such problems. 

Experunent V. Tlie investigation of the effect of heat on ammon/tan 

' t r 'vitli the object of flctermining wliethcrthe chan-e 

pioiluccd IS physical or chemical, introducing incidentally : “ 

(1) the tccimique of sublimation, 

(2) the tccimique of the volumetric estimation of dilorides by means of 
. iKei nitrate m neutral solution, witli potassium chromate as indicator. 

chloride in a long narrow drv 

hack again to soli., witi.out t.ie 

this IS named sublimation^ and is exhibited also bv other welbki vi, siX 
stances, such lus iodine, camphor, benzoic aci<l. ^ ' 

^ Sal ammoniac was brought into Europe from F.nvnt 
from the soot obtained by burning caraL* dun^r ^ tI.p n 

»..nces, in ... 
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Fig. 12. 

Fig. (a). 

A. Dry ammoDium chloride, heated by email Bunsen burner. 

B. Plug of ignited asbestos. 

C. Sublimate deposited in form of ring, which is most easily got out by breaking 
the tube in a mortar and picking off the glass. 

Fig. (6). 

The apparatus consists of a narrow bell-jar, fitted with a cork through which 
passes the delivery tube of a small glass retort, the tube being cut off fairly short. 
The substance to be sublimed is placed in the retort, which is then connected 
with the bell-jar, and the whole inverted over a watch-glass or small porcelain 
dish resting on a few thicknesses of moist filter paper laid on a tile. 

On gently heating the retort bulb the substance sublimes and collects in the 
dish. Slow heating is necessary, otherwise the substance may be deposited on 
the sides of the jar. 

By placing the jar on a ground glass plate and connecting with a pump by- 
means of an extra tube through the cork, sublimations may be carried out in 
vacuo, Chetn. Netes, 1911, 103, p. 138. 

Fig. (c). 

A. Dish holding substance to be sublimed. 

B. Sand bath in which the dish A is buried nearly to its edge, and which is 
heated in the ordinary way by a Bunsen burner. 

C. Sheet of thick perforated paper laid across the dish; the vapotir rises through 
the holes and the condensed solid falls back on to the paper. 

D. Funnel closed by asbestos plug E, acting as condensation chamber. 

solid impurities which do not volatilise thus and are left behind as a I'esidue. 
The preparation of benzoic acid from gum benzoin is an experiment that might 
with advantage be done at this point. 
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(6) The collection of a sufficient amount of the sublimate for the purpose 
of the work in (c) affords opportunity for becoming acquainted wnth the 
process of sublimation, which is of considerable importance in the technique 
of the laboratory. A vanety of devices can be employed, eacli of which has 
its own specific advantages. The figures a, b, and c, fig. 12, represent some 
of the simpler arrangements, and it is recommended that their efficiency 
should be tested by letting different members of the class find what weight 
of sublimate can be obtained u-ith each of them in a given time. 

(c) Comparison of the properties of the original ammonium cliloritle 
With those of the sublimate obtained from it. 


(a) Qualitative properties. The following table summarises the charac¬ 
teristic properties which liave been found to lend themselves well to the 
puiqiose of this comparison. 


White solid obtained by | 
the solidification and 

' Ammonium chloride deposit in cold part of 

apparatusofthevapoui-s ! 

obtained on heating 

I I aramoniura chloride i 


Appearance: I 

Colour • 

State of aggregation j I 

Solubility in water I j 

Action of heat on the solid ' 

Action of cone, sulphuric 

acid on the solid I | > 

Effect of boiling solution j 

with potash I 

Effect of the addition to the 
solution of silver nitrate ] 
solution I 


Inference as to the nature of 
the change that had oc¬ 
curred 


1 

I 


I 


(/3) Quantitative properties. In accordance with what has been said 
before as to tlic measurement of a quantitative property being required for 
the conclusive establishment of entire agreement between the properties 
of two substances, the comparative study of the qualitative properties of 
ammonium chloride and the sublimate obtained from it requires to be sud 
plemented by tlie measurement of some one quantitative property of the 
two substances, which miglit be that of the coefficient of solubility or of 
the composition by weight. Tlic experiment about to be dealt ^vith refers 
to the comiiositioii. One of the qualitative properties found to be possessed 
Ill common by the ammonium chloride and its sublimate is that of the mo 
duction of a white curdy precipitate on the addition of a solution of silver 
nitrate. The end iiomt of this reaction can be foiiiu! witli great acemaev 

5—2 



Analysis of A (ammonium chloride) and A' (the sublimate obtained from A) by the 
determination of the ratio of the weights W of A (or A ) to W', that of the 
silver nitrate required for the complete precipitation of the chloride. 
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owing to the fact that in neutral solution silver nitrate gives witli potsissium 
chromate a reddish brown precipitate, whicli however is not formed so long 
as any ammonium chloride (or any other soluble chloride) is available in the 
solution for the formation of the white curdy silver chloride. The plan 
followed is to add a drop of potassium chromate to a solution containing u 
known weight of the ammonium chloride or of its sublimate, and then 
to run in cautiously from a burette a solution of silver nitrate of known 
strength until a faint pink tinge appears, indicative of tlie formation of silver 
chromate, and hence of the presence in very small excess of the silver nitrate. 
This process, which is used in the volumetric estimation of soluble chlorides 
and soluble silver salts respectively, is described in detail in any text book 
of quantitative aual 3 ’sis, e.u^ Clowes and Coleman, QuantitatU'C Atialyais^ 
10th ed., 1914, pp. 192 et seq. Tlie results of an experiment are given on 
p. 68. The table ou !>. 71 summarises the results obtained by a class of 
thirteen students, and gives the values found by various investigators. 

The final inference fi*om the result of the qualitative and 
quantitative experiments above described obviously is, that the 
original ammonium chloride and the sublimate are possessed 


* (p. G8) There is the alternative of either working with a larger amount Jf, 
making the solution of it up to a definite and known volume V, and using for 
the titration with the silver nitrate an aliquot part of it; or using a smaller 
amount of W and using the whole volume of solution, the value of which need 
not be known, for the titration. The second plan has the obvious advantage 
that the factor V/v disappears from the calculation, and with it any of the errors 
incidental to these two measurements; on the other hand, in the case of students 
requiring practice in tlie determination of the end part of the reaction, there is 
a decided advantage in the possibility of a number of determinations of m, the 
volume of the silver nitrate solution required for the completion of the reaction, 
making it possible to reject individual titrations which had been ‘overdone’ 
without thereby losing the whole of the work. 

t Obviously as far as the special purpose of this experiment goes, which is 
one of comparison and in which it is assumed that the same silver nitrate solution 
is used throughout, the statement of results in terms of weight of silver nitrate 


presents no advantage over that in terms of volume of solution since 


in this case volume of solution and iveight of silver nitrate aie strictly projior- 

mV 

tional. The ratio between the two values of for A and A' is not affected by 

multiplication of each of them by the constant ic, but there are certain advan¬ 
tages to be gained by knowing the concentration of the solution, viz.; 

(1) If in the course of the work it should for any reason become desirable or 
necessary to change the silver nitrate solution used, this change would not in¬ 
validate the work already done. 

(2) It becomes possible to compare the value obtained with the standard 
value, a matter which is always of interest to the students, and rightly so. In 
connection with this it must be noted, though, that the use of this value tv, 
termed an antecedent datum, introduces a constant error, which represents the 
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of the same properties, and hence that heating in this case 
does not produce a chemical change. It is however most 
important to realise that this inference refers only to the 
relation between the original ammonium chloride and the 
sublimate, and does not even touch the quite distinct question 
ol the nature of the substance w'hilst in the gaseous state, 
leaving it an open question whether the substance then was 
ammonium chloride in a different state of aggregation or 
whether a different kind of matter had been produced, which 
reproduced the original ammonium chloride as soon as the 
physical conditions had been made the same again. 

Experiment VI. The iiivestig’ation of the effect of heat on calcium 
nitrate, with the object of determining whetlier the change produced is 
chemical or physical, introducing incidentsilly the technique of collecting a 
gas and its separation into portions soluble and insoluble in w’ater. 


sum of the errors due to (i) the errors in weighing and in measuring incidental 
to the preparation of the silver nitrate solution, (ii) the presence of impurities in 
the silver nitrate used. Usually it may be taken that the error in w is likely to 
be smaller than that attaching to the measurement of TV, V, v, and m (this last 
especially) in any one of the students’ experiments. But when the class is a 
fairly large one, and the mean of all the results is calculated, there is the likeli¬ 
hood of a compensation and consequent great reduction in the total value of this 
so-called experimental error, whereby the constant error introduced through w 
becomes much more prominent. That this is so is shown by an inspection of 
the next table, from which it appears that whilst the mean of the values obtained 
for A and A' is practically identical, differing only by 3/3000, these means differ 
from the standard value by about 16/3000, an amount five times as great, and 
probably due chiefly to the constant error in the value of io. This makes it 
desirable to examine further the probable causes of the discrepancy between the 

mean of the values obtained in the students’ experiments for and the 

If V 


standard value for the ratio ammonium chloride ; silver nitrate. 

Obviously the true value of to might be greater or smaller than that used in 

the calculation, with the result that the value for might be affected either 

way. Then there is the error due to such impurities in the original ammonium 
chloride as were not removed in the process of snblimation, and which, through 
IV being taken as larger than it is in reality, would make the result too small. 
X^’inally, there is the constant error inherent in the method, whereby tn, and 
hence the flnal result, is too large. This is due to the fact that since the 
silver nitrate solution is run in until a pink tinge appears, it must always be 
used in some excess, though small. It is suggested that, assuming the excess 
to be one drop only, which when working with an ordinary burette corresponds 
to about 1/20 C.C., the student should calculate the percentage effect on the final 
result with the values for V and r, W and to used in their own experiment. 


Weight of silver nitrate required for the complete precipitation of 1 gram 

of ammonium chloride. 


Nature and Recognition of Chemical Change 71 


09 

ce 

00 £ 

tf) o 

N .S 


<0 


4) 

A 


OC 

a 5 
o ^ 

a £ 

•S ® 

s:3 

H 

Q) O 


3 

O 


9 

s 

ei 

O 


0> ^ 

-s a 
2 a 

- 1.0 


I o 

s ^ 

*<1 fcN 


> <© 5S 
^ g X 

• • w s 

fl 


to 

<0 


CO CO 


o 

h- 

(b 


o 

*3 

> 


cd 

fl 

.*A 

CO 


C s> ce 
o ^ ^ 

5® a> *5 

a . 

>14 o: 

-2-S 

f a 
gi 

'•B S 

a> c 

ja E 

g -s 

CO o 


a> 

A) ^ 

> jS g 

*s 'a II 


o 

> 

CO 


CA 

CD 

Oi 


CA X 

X 






c^ 

<0 

• 

>0 CO 

>0 JO 
» # 


CO 

<0 

Tt 

r** 

to 


a 

> JS 
Q> ^ 

3 o 


a 

o 

S 

o 

u 

S 

CD 

cO 

A> 

a 

"3 d 

= "3 

^ p 

2 -is 
Q a 

5 s 
e-5 

s ^ 


o r3 

CD 

I O 

£3 

< 


00 c: CO c*^ 
CO to to 
^ ^ 
o o o p 

OA CA CA ^ 


h* 

o 

Cl 


tp 

oo 


:0 

> 


CO 

H-a 

CO 


- -2 
cO 
1) 


3:5 

a «> 

O F-- 


tc ^ 
O 


& 

eO 

»i4 

a 

‘ « C3 


C5 JO 
CO ^ 
CD X 


- ^ 2 


a> 


J 

u 

o 

b 

2 § 

CO 

£“3 


& ^;5 <e 

S o "C ® ^ S 
§ *3 4 5 8 - .2 

cu cocoS ^ 


(D 


a 

ci2 

■Js 

O s 

"32 

CD ^ 
a> 1.^ 

^ o 




3 

.§ 

2 

s 

CO 


C^O^tOCOiO^tP^tOt^OffO 

cb^^5^ri^i^«cocococbcbco 


w-r- 

05 


n 


fi4 

X 

9 


<v 

o 


a 

a 

-«?i 


cP O ^ >0 O S' Pi lO JO CP >0 00 

cocbcoMcori^^^cb^^wcocbco 


S 

0) O 4 
^ X 

w ^ 


a 

a 

a 

CO 


<5ca;^QH&Hoa^^-»«)j2 


a 

o 

s 

CO 


c 

c$ 

1> 


Q> 

CO 

"o 

O 

a> 

CjO 

a 

<D 

.Q 

A> 

3 

d 

fl 

A> 

OJ 

AJ 

> 

«a 

o 

CD 

AJ 

-d 

H 


A> 


a 

o 

0 

A> 

AJ 

> 

cd 

CO 


3 

CO 

o 

<P 

J3 


O 

A> 

a 

9 

St 

A> 

a 

OJ 

pd 


a 

o 

v» 

•2 

2 

3 

o 

A> _S 

2 

HH g 
•P 


Si« 

A> 

A 

M 

A> 

0 

A> 

0 

CO 

A> 

*0 


A^ 

0 


pP 

O 

.4.9 

CS 

ja 

0 

o3 

AJ 

0 

3 

<0 

0 

0 

cd 

CO 

0 

A) 

AJ 

• 4 ^ 

A> 

•O 

>> 

AP 

0 

0 

04 

A> 

V4 

CO 


A> 

pC 

.«-» 

«t? Ci 
O AO 

0 a; 
o to 
IS «a 
cs ^ 

C 0 

a ® 

as CA 
X -K 
AJ 

_ A> 

0 3 

.2 a 

.40 ^ 

o 

5 I 


CA 


O 4 

A> 

AJ 

to 

A) 


O 

0 

O 

.2 


O 


A> 

O 

CD 


c 

A) 

S 



72 Nature and Recognition of Chemical Change 

^ little finely powdered calcitim nitrate in a small i^ition 
evolution of coloured gas has ceased. Note carefully the 
s iccessn e phases of the process: the liquefaction of the solid; the evolution 
ot uhat HI appearance suggests aqueous vapour; the solidification of the 

liquefaction; the evolution of red gas; the second 
solidification. Also heat a very little of the powder placed on the edge of 

a piece of platinum foil, and note the briglit glow of the solid when the final 
stage has been reached. 


(b) As far as appearance goes, the original white crystals have been 
decomposed by heat into a white solid remaining behind in the decom- 
poMtion vessel and a deep red gas, for the collection of which suitable 
an-angements have to be devised. It uill probably result in a saving of 
tune If the solid and the gas required for the investigation of the properties 
ot the substances produced arc prepared in separate experiments. In the 
case of the solid it is c.ssential that it should not be mixed with any uiichano-cd 
calcium nitrate, a result which will be accomjdished more rapidly if onlj- a 


(p. 71) At the risk of appearing hypercritical, this opportunity cannot be 
missed for entering a protest against the frequent wrong use of the term ‘ theo¬ 
retical value.’ In the above and many other cases—such as the comparison of 
tlie experimental results of a quantitative analysis with those calculated from the 
formula—‘ theoretical ’ should be replaced by ‘ standard ’ or ‘ calculated ’ as the 
case may be. If in a complete gravimetric synthesis we actually measure A and 
Ji, the weights of the constituents, and A li, the weight of the compound formed, 
and compare AB with the value A + B, the latter is the tfieoretical value, calcu¬ 
lated on the theory that conservation of mass (Ch. V) holds as an exact law. 
But if we calculate composition from the formula, the values used for the com¬ 
bining weights {identical with or simply related to the atomic weights) are tlie 
determining factor, and in the present state of our knowledge there is nothing 
‘ theoretical ’ about these, nothing to fix in terms of a law or generalisation what 
these values should be. It is quite conceivable that the future may bring the 
discovery of the much sought ‘ function ’ of the periodic law, which would enable 
us to calculate the exact value of each individual atomic weight in terms of some 
one fundamental unit (Study of Chemical Composition, pp. 501) et seq.). But 
the combining weights are empirical constauts, about which there is no permanency 
or finality, .such as there would be about a ‘ theoretical ’ result. What it comes 
to is that from the determinations that Lave been made (and still are being made) 
for many years in many lands by many men, we—or more precisely the Inter¬ 
national Committee on Atomic Weights, that is, the men whom chemists all 
over the world have chosen to act for them in this matter—have selected those 
results which on searching critical examination seem the most trustworthy, 
i.c. appear likely to be nearer than any others to that true value (Study of 
Chemical Composition, p. 192), which we do not know and may never know: 
these are the values that are made the basis of tbe calculations whose result serves 
us for comparison with results of analysis. But re-determinations beiug the 
order of tJie day, it follows that the calculated values all vai-y according to 
the data used, though the variations may be but slight and have a tendency 
to get smaller as the development of experimental methods brings them nearer 
to the true value. 
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small amount of solid is used and the heating is done under conditions con¬ 
ducive to the rapid removal of the vapoui*s and gases evolved. On the 
other hand, as regards the collection of the red gas evolved, it is desirable 
to obtain a considerable volume, so as to be able to postpone tlie collecting 
until all the air has been driven out of the apparatus; and for this it is 
necessarj' to use a fairly large amount of the crystals, which however need 
not be heated sufficiently long to ensure complete decomposition. Hence 
it is recommended to prepare a specimen of solid by heating a few crystals 




-A 








Fig. 13. 


A. Long-necked flask of Jena glass of about 100 c.c. capacity, used in preference 
to hard glass tube because reducing the difficulty incidental to the probable 
frothing of the fused mass. 

B. Powdered calcium nitrate, about 10 grams. 

C. Bulbed U-tube holding some water for the absorption of the portion of the 
gas soluble in water. 

O. Long rubber tube with short piece of glass tube at the end for pushing up to 

the top of the collectiug tube F when the evolution of the gas has become 
vigorous. 

E. Small trough or glass or porcelain dish filled with water. 

F. Test-tube (or small graduated gas tube) for collection of the portion of gas not 
soluble in water. 

The arrangement of C. D and F is devised with the special object of preventing 
the sucking back of liquid into A. i b 


very .strongly and for a considerable time (1.3 to 20 minutes) in a small 
open crucible, and to heat a larger ipiantity in a suitable apparatus until 
a sumcient volume of gas has been collected. The first stage, coiinirised 
between the first lupielaction and solidification, and consisting apiiarently 
in the removal of water, can with advantage be carrieil out in an open dish, 
after wliich the powdered .solid is introduced lor further heatiiu*- into the 
fhusk of the apparatus (fig. 13 ). ” 
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(c) The qualitative properties suitable for a comparison between the 
onginal calcium nitrate and the substances into which it is broken up by 
the action of heat are indicated in the following scheme : 


Appearance: 

State of aggregation 
Colour 

Effect of beat on solid 

Introduction of glotving 
splint into gas 

Action of water 

Action on moist neutral 
litmus paper 

Addition of solution of 
ferrous sulphate, fol¬ 
lowed by that of cone, 
sulphuric acid 

Inference as to the na¬ 
ture of the change that 
had occurred 


Calcium 

Nitrate 


Substances obtained by the heating of 
calcium nitrate 


Solid left in 
decomposing 
vessel 


Aqueous so¬ 
lution of red 
gas 


Colourless 
gas collected 
over water 


This is a case in which mere inspection of what happens 
on heating is sufficient to demonstrate the occurrence of a 
chemical change ; but the experiment should be well worth 
doing in the somewhat elaborate form described, because of 
the opportunity it affords for increasing the students’ know¬ 
ledge of a variety of qualitative tests and of the technique 
required in the collecting of a gas. 

The students performing this experiment will probably 
assume tacitly that here (as also in the preceding experiment) 
the change occurring is independent of the presence of air, 
which really is the case. It is suggested that an attempt 
should be made to si)ecify any points in the occurrences 
observed which afford experimental evidence for this view, 
and further to consider what form the experiment would 
have to be given if it were required to prove that the presence 
of air is immaterial. 
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Experiment VII. The inve8tig:atiou of the effect on iron of 

(i) a magnet, 

(ii) dilute sulphunc acid, 

aith the object of determining in each case whether the cliange produced 
is chemical or physical, and involving incidentally the technique of crystal¬ 
lisation. 

(i) Using clean iron filings, or small clean nails, or steel wool, show that 
the process of atti’action by moans of a magnet can be reproduced at will 
any number of times ; as far as appearance goes there is absolutely no 
difference between the iron before and after it had been acted on by the 
magnet. If time allows and circumstances make it de.sirable to use this 
opportunity for a study of the chief physical and chemical proi)ertics of iron, 
the students miglit be made to supply the proof of the identity of the sub¬ 
stances, or the absence of any permanent change, by demonstrating a certain 
number, at any rate, of the properties given under the heading ** Iron—The 
Element” in any text book of descriptive chemistry {e.g. Newth, Inorganic 
Chemistry^ 1907, pp. 676,677 ; O.stwald, Principles of Inorganic Chemistry, 
4th e<l., 1914, pp. 59.'1 et seq. ; Molinari, Treatise on General and Industrial 
Inorganic Chemistry, p. 627). A determination of the density of the solid, 
done by different members of the class using different methods, would be 
iiKstructive 


(ii) {it) Treat some clean iron filings or steel wool (preferably the latter) 
with dilute sulphuric acid; note the evolution of a gas which is inflammable 
and lighter than air, and the production of a green liquid ; show that if loft 
long enough and provided with sufficient acid, the whole of the iron dissolves 
(it may be necessary to add a few drops of concentnitcd acid if effervescence 
stops while there is still some iron present), and that the green solution, if 
left in a desiccator, will after a tinje deposit pale gi-een transparent ‘crystals.’ 


{}>) III order to i)roilucc the ci-j-stals in quantity and as well-devcloiied 
fair-sized individuals, it is desirable to obtain a strong solution and to allow 
the evaporation, which leads to the production of a su])er-suturated stihition 
and the consequent precipibition of .some of tlic solute in crystalline form, 
to occur .slowly. Use a considerable amount of the ir«ui, heat in a dish with 
the dilute acid until all effervescence has ceased (when there should still be 
present undissolvcd Iron), add a few more drops of acid ami separate the 
clear liquid by pouring whilst still lK)t through a folded filter paper into 
a rather nan*ow beaker. Prevent rapid coefling by surrounding the vessel 
with hot sand, cover with a watch-glass and allow to stand until the solid 
separates tmt; drain this on a filter plate, <lry on a jmu’ous plate. 


• For the determination of the specific gravity of solids by the hydrostatic 
balance, see Glazebrook, IIy(lro>^tntic6, 1904, § 57; by Nicholson's hydrometer, 
S5‘J; by Jolly's balance, §60; by the .specific gravity bottle, § 62; by calcu¬ 
lation of the volume from measurement in the case of a regular solid, Perkin and 
bean, Sntrotluetion to Chenihtnj and PhijBics, 1909, i, pp. 54—56; by determi¬ 
nation of the volume with a measuring jar, p. 56. 
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{c) Mere insiicctioii shows the fundamental diflference between the 
original substances, viz. the solid metal iron and the liquid acid, and the 
substances produced by their interaction, viz. the inflammable gas and 
the green ti-ansparent individual solid bodies bounded by jdane sui-faces. 
The properties of the iron used have already been studied in (i); those of 
the sulphuric acid solution may bo demonstrated in the same way; i.e. by 
following the account as given in any text book of desciaptive chemistry. 
As regards the gas evolved, which is liydrogen, the two chief characteristics, 
viz. inflammability and great lightness, can be very easily demonstrated. 
There remains for consideration the gi’ceii solid, which can be shown to be 
easily soluble in water, to turn brown on exposure to air and moisture, and 


to have a number of other characteristic properties which arc given in the 
text books under the heading of “ferrous salts.” The chief point to which it 
is wished to dmw the students’attention is that of the external form (fig. 14). 
If the doi)osition of solid has been sufficiently slow’ (slow cooling and slow 
evaporation of a solution initially not too strong) it should be po.ssible to 
find three or four individuals sufficiently large and sufficiently well developed 
to show the external characteristics of the crystalline state. These are plane 
surfaces inclined at definite angles, constant and characteristic for each 



Fig. 14. 


Fig. 15 b. 


Fig. 15 <1. 

.substance. IMace the cry.stul.s on paper with similar faces in corresponding 
po.sitions, and compare the inclination of those by drawing straight lines 
along the edges until they meet, ami then measuring the angle.s thus 
inclmlcd. 

The faces tif crystals may vary in shape and size, but for the same sub¬ 
stance they arc always inclined to each other at angles characteristic of that 
substance. The vai'iutioii (fig. 15«), which is terme<l distortion, from the 
iilcal crystal as <lcpicteil in fig. 15 represents an unequal development of 
<juart/. due to the conditions under which the crystals had been formeil. 

(Freund, Stud// nj'Chetnical Com.i>osition^ l)p. 387, 388.) 


IV. Historically interesting and debatable cases. 

The number of experiments illusti'ative of the nature of 
change.s (lesij?uated as chemical, and of tlie method that is 
followed in establisliing the itlentity or diversity of substances 
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need not be further increased, but it might be of advantage 
before leaving the subject altogether to draw attention to two 
more points. 

1. Classical researches in which the point at issue was the 
establishment of the occurrence or non-occurrence 
of chemical change. 

(i) Scheele, in the record of his classical researches on 

air and fire (1777 ; p. 144), enunciates his belief, based 

on experimental evidence, in the existence of different kinds 
of air, ‘ air ’ being used by him as the generic term for sub¬ 
stances which retain their elastic fluidity, i.e. remain gaseous, 
even in the gi*eatest cold*; his criteria for recognising a 
gaseous substance as a peculiar kind of air are stated with 
a precision which makes the attraction of a verbal quotation 
irresistible. Following on a summary of what he considers 
the five^ general properties of ordinary air, he concludes : 

Consemiently, when I liavc a fluid resenilfling air in its external appear¬ 
ance and find that it has not the properties mentioned, even when only one 
of them is wanting, I feel convinced that it is not or<linary uir. 

The application of this principle to a large mass of experi¬ 
mental material relating to the part taken by air in a number 
of changes, prominent amongst which is combustion, led him 
to the recognition that the air does not act as a mere re¬ 
cipient for foreign material, but that it is a complex substance 
made up of two constituents, into which it is separated by 
the burning substance, the one constituent named by him ‘fire- 
air’ being absorbed and the other left behind {posty p. 144). 

(ii) The view held at the beginning of the nineteenth 
century concerning the composition of the substatices now 
named hydrochloric twid gas and cldorine, then named muri¬ 
atic acid gas and oxymuriatic add gas, was that whilst the 
first was a compound of some unknown element with water, 
the second contained this element united with oxygen. In 

* This of course covers only the temperature range then known, which can 
barely have extended as far as - .30^ C. 

Supports combustion; combustion reduces the volume to between 1/3 and 1/4 
of the original; not soluble in water ; supports animal life ; supports vegetable 
life. 
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the series of researches extending from 1808 to 1819, in which 
Sir Humphry Davy proved the elementary nature of chlorine, 
one important experiment took the form of showing that 
so-called ‘ oxyinuriatic acid ’ when ignited with charcoal was 
left quite unchanged. Owing to the great affinity of oxygen 
for charcoal, it was legitimate to assume that had this element 
been i>resent in the chlorine it would have been removed by 
combustion with the charcoal, just as happens in the case of a 
metal calx (oxide) : 

One of the iiuist singular facts that 1 have observed in tliis subject is, 
that charcoal, even wlicn Ignited to wliitciiess in oxvniuriatic or mnriatic 
acid gases by the voltaic battery, effects no change iirtheiiL 

(iii) Comparatively recently the discovery of argon, soon 
followed by that of helium, neon, xenon and krypton, enlarged 
the scope of chemistry by the introduction of a number of 
new substances characterised by their absolute inertness. 
Argon was the first of those for which it was proved that 
all the various changes of condition which experience had 
shown to be conducive to the production of a chemical change 
had no effect, and that the gas left at the end was identical in 
amount and in properties with the original argon (see 

p. 1:20). 

2. Tlien there are the debateable cases, Le. instances 
of changes, about the classification of wliich as physical or 
chemical tlicre is difficulty and difference of individual opinion. 

Solidification and volatilisation, e.g. change of liquid water 
to ice and to steam respectively, the production of allotropic 
modifications, e.(f. change of yellow phosphorus to red, and 
solution, are examples. As regards solution, which deserves 
to be considered in some detail, how does the case really stand ? 
Solutions are homogeneous* substances, gaseous-, liquid^ 

' See ante, p. 52 (footnote). 

- Produced by the solution of a gas in another gas, e.g. carbonic acid or 
water vapour in tho air; all gases arc completely miscible, i.e. the solubility is 
unlimited. 

^ The most common case, and the one that is meant when the term is used 
without further specification. They are produced by the solution in a Liquid of 
(i) a solid, e.g. salt in water, sulphur in carbon bisulphide, carbon in molten 
iron ; (ii) a liquid, e.g. alcohol in water, and vice versa ; (iii) a gas, e.g. air or 
carbonic acid in uatui’al waters. 
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or solids made up of two (or more) components Ay By 
etc., which are termed the solute and the solvent^ respectively; 
the ratio of A to .B can vary continuously, either from 0 x ^ 
and 100 X ^ to 100 x A and 0 x when the case is one of 
complete miscibility, such as is exhibited by alcohol and water; 
or from 0 x A and 100 x ^ to 7?i x A and 100 x B, when we 
are dealing with limited miscibility, such as is exhibited by 
the solution of salt in water, in which case at, say, 20'’C. 
100 grams of water dissolve at most 30 grams of salt®; more¬ 
over the properties of solutions, though not additively those 
of the components, are a continuous function of the compo¬ 
sition (see fig. 10). 

There has been a gi*eat deal of useless and time-M'asting 
argument as to whether the change produced in solution 
should be classed as physical or chemical ; the question when 
put thus is really quite independent of any hypotheses and 
theories concerning the state of the solute in the solution, 
that is, of the condition of its constituent particles and of 
their relation to tliose of the solvent. In the present instance 
it is merely a question of adjustment between definition and 
actual phenomena: if, as is the case, we have by our own fi*ee 
choice decided upon a definition of chemical change which 

* Substances which combine with the solid state the essential characteristic 
of solutions, viz. continuous change in composition and in properties. Though 
cases are known in which the solute is a liquid the zeolites, natural 
hydrated silicates) or a gas {e.g. solution of hydrogen in palladium or in iron), 
the most important and best investigated cases are those of the solution of a 
solid in another solid, such as is produced in the crystallisation of isomorphous 
substances, e.g. potassium permanganate and potassium perchlorate, which 
exhibit continuous alteration in composition and in properties, the colour of 
the mixed crystals showing all shades intermediate between the pure white of 
the perchlorate aud the deep purple of the permanganate. 

2 The substance dissolved, which may be a gas, a liquid or a solid, is termed 
the solute, the dissolving substance the solvent. Of course in the case of the 
solution of a liquid in a liquid the distribution of the names solute and solvent 
is an arbitrary process, but practical convenience, which in this as in many 
other cases is the determining factor, has decided that in the case of limited 
solubility the quantity present to a smaller amount shall he designated as the 
solute ; e.g. in shaking up ether with water two layers of liquid are formed; in 
the upper layer, which is a solution of water in ether, water is the solute and 
ether the solvent, whilst in the lower layer the opposite relation holds. 

^ ni is called the coeflicient of solubility. 
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hinges on the formation of a new kind of matter possessed of 
new properties, then, applying these criteria, we have no 
choice but to class the process of solution as a chemical 
change. Taking as an example the solution called sulphuric 
acid, formed fi-om water and hydrogen sulphate, we find that 

Curve showing the specific gravity of an aqueous solution 
of hydrogen sulphate (sulphuric acid) as a function 
of the composition. 



Composition. 
Fig. 16. 


its density (see fig. 16), boiling point and freezing point and a 
number of other physical and chemical properties difler from 
those of tlie components and are not even always intermediate 
between these: thus, while neithercoldwaternor perfectly pure 
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hydi-ogen sulphate has any action on litmus or zinc, the 
solution sulphuric acid turns blue litmus red and dissolves 
zinc Mdth the evolution of hydrogen: surely conclusive evi¬ 
dence for the formation of a new substance. But if our views 
concerning the nature of solution, resulting from a study of 
the characteristic properties exhibited by solutions, should 
make us feel reluctant to class the kind of change occurring 
in the process of solution with changes such as occur in 
analysis {e.g. the breaking up of calcium nitrate under tlie 
action of heat) or synthesis {c.g. the burning of iron in oxygen 
or air) or double decomposition {e.g. the formation of silver 
chloride from ammonium chloride and silver nitrate), the 
only way out of the difficulty is to change the basis of the 
apparently unsatisfactory classification, and to find a basis 
for another classification, another definition. 



CHAPTER II 


THE CLASSIFICATION OF SUBSTANCES INTO COMPLEX 

AND SIMPLE (ELEMENTS) 

1. *rhe importance of quantitative methods. 

It has been asserted so often as to reduce it almost to a 
platitude that chemistry first became a science when towards 
the end of the eighteenth century Lavoisier took it into the 
realm of the quantitative. Like every pronouncement which 
tries to arrest attention by picturesque conciseness, there is 
a good deal of exaggeration in this assertion. On the one 
hand, Black ^ in the middle of the eighteenth century had 
been a forerunner of Lavoisier in the use of quantitative 
methods, and on the other hand Boyle in the second half of 
the seventeenth century and Davy in the first two decades 
of the nineteenth century had shown that work pre-eminently 
qualitative^* may be as truly scientific in conception and 
execution, as fundamentally important and as fruitful as any 
that is pre-eminently quantitative. But the determination not 
to accept without some reservation the current apotheosis of 
Lavoisier and his method need not and should not interfere 
with our belief in the importance of quantitative methods 

1 Experhiients iijwt Maffnesia Alba, 1755 (Alembic Club Repriuts, No. 1); 

Study of Chemical Composition, p. 59. 

2 See Robert Boyle’s refutatiou in tlie Sceptical Chymist (16G1> of the 
Aristotelian doctrine of Four Elements and the Paracelsian doctrine of Three 
Principles {Study of Chemical Composition, pp. 274 et seq.) and his introduction 
of the .sound empirical conception of element; Sir Humphry Davy’s recognition 
of the elementary nature of chlorine, 1909—1818 (Alembic Club Reprints. 
No. 9), the isolation of the alkali metals, 1807—1808 (Alembic Club Repriuts, 
No. C), and proof of the composition of water, 1806 {Study of Chemical Com¬ 
position, pp. 10 et seq.). 
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and the recoguitioii that the time of their introduction into 
any science marks an important stage in its develoi^ment: 
“ all science begins with measurement.” If therefore we con¬ 
sider it a generally recognised principle that in the solution 
of any and every problem the use of quantitative methods 
should be resorted to, it follows that the study of the charac¬ 
teristics of chemical change, which so fai' as we have pursued 
it in the preceding chapter has been mainly of a qualitative 
nature, should now be taken into the realm of the quantitative. 
What was done in all the cases investigated in the previous 
chapter was to examine the properties of a substance before 
and uftcT it had been subjected to a change of conditions; 
and it was pointed out that conclusive proof of the absence 
of chemical change required the inclusion of some measure- 
able properties, such as boiling point and freezing point, 
density, electrical conductivity’, or any other of the many so- 
called ‘physical properties’ whose characteristic it is that 
they are possessed by all substances, but to a different degree. 
On the other hand, Ave found that the appearance or dis¬ 
appearance of one or more (pialitative properties {ixnte^ p. GU) 
is sufficient to establish the occurrence of a chemical change. 
But accepting the sufficiency of qualitative tests in this case, 
there still remains the importance which attaches to the 
concomitant phenomenon of a change in the values of the 
quantitative properties characteristic of the substance in¬ 
vestigated ; the change may be so great that it is easily and 
quickly recognised, or it may be so small that it reijuires 

great refinement in the methods of measurement to detect it 
at all, but it always exists. 


II. The study of the changes in weight which 

accompany chemical change. 

To the chemist tlie quantitative proi)erties of greatest 
interest and importance are tliose referring to tlie total mass 
and the composition of the substances dealt with, and the 
wubject-matter of this chapter is the investigation of the 
changes in mass that accompany cliemical changes when 
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considered from the point of view of one of the participating 
and resulting substances^ 

It has been found as the result of innumerable experiments 
that in the largely preponderating number of cases every 
ciualitativel 3 ’^ established chemical change is accompanied by 
a change in weight of the substance dealt with. The resulting 
subsbince, if collected Avithout loss, weighs either more or less 
than the original substance except in a comparatively small 
number of cases in which the weight remains unaltered. It 
is not proposed to consider further at this stage these excep¬ 
tional cases, beyond saying that they nearly all belong to the 
province of allotropic modifications and so-called ‘intramole¬ 
cular transformations,’ that a remarkable instance of the latter 
was Wohler’s production of urea from ammonium cyanate^ in 
1828, and that thc^' have pla^^ed an important part in the 
development of the theory of isomerism. 

4liming to the illustration, means of students’ experi¬ 
ments, of the results obtained in the study of the weight 
changes accompanying the production of a new kind (or kinds) 
of matter, thei’c are some points that require preliminary 
discussion. 

Each experiment is really made up of two parts: 

(a) The qualitative proof that in the case dealt with a 
chemical change has occurred. This point has been fully 
dealt with in the preceding chapter, but it may not be amiss 
to remind the student that if the change consists in the dis¬ 
appearance of a particular property", the change must be made 

complete, i.e. the whole of the material worked with must be 
alfected. 

(/j) The investigation of the concomitant change in mass 
b^' weighing the substance contained in a suitable A'essel 


^ Iho law of consevvation of mass, that fuudameutal ]>rinciple on which all 
moclerti chemistry rests, is the outcome of the consideration, not of one isolated 
substance but of the sum of the weights of all the substaucos participating in, 
and all those resulting from, the chemical change {ante, p. 32 and ch. v). 

- Perkin and Kipping, Organic C/icmisen/, 1909, pp. 2, 301 ; Schorlemmer, 
Jihe aud Develojwient of Organic Chcmistrf/, 1804, pp. 21, 22. 
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before and^ after the reaction. The vessel chosen must be 
such as to justify the assumption that its own weight has not 
been altered by the changed conditions {e.g. heating, action of 
acids, etc.); thus a copper crucible, which on being heated 
in air becomes coated with a layer of black oxide, would not 
be suitable. Obviously in this part of the experiment it is 
not essential that the change should have been made com¬ 
plete; a change in part of the substance worked with will be 
sufficient for showing whether the weight has increased or 
decreased (or remained the same), if that is all that is wanted. 
Of course in most cases the investigator will not be content 
with a mere indication of the direction of the change, but 
will want to obtain that further information concerning the 
specific nature of the change which requires a knowledge of 
the amonnt of change, positive or negative, per unit weight 
of original substance, and which can only be ascertained by 
making tlie change complete. 

ft follows from the difference of conditions to be fulfilled 
in (a) and (h) that in the majority of cases the most time¬ 
saving procedure will be to perform the qualitative and 
quantitative parts of tlie experiment sejiarately, using for 
each the amount of material most suitable for obtainino- 
the desired effect. Moreover in (6) it may be a matter of the 
utmost importance to devise conditions which udll minimise 
the introduction of experimental error due to: (i) mechanical 
loss of material, e.g. white fumes evolved in the burning of 
magnesium (Exp. VIII (ii)); particles of solid carried off by 
the escaping oxygen in the heating of potassium clilorate 
(Exp. IX); loss of some of the precipitated silver chloride in 
the transference from one vessel to another (Exp. X); (ii) the 
introduction of an impurity, i.e. extraneous matter, tlie weight 
of which will increase that of the changed substance, ob- 
scurmg the effect investigated. Thus in weighing the amount 
of .silver chloride obtained from a known weight of metallic 
silver, it is essential that the chloride weighed should have 
been thoroughly dried (Exp. X), so as to ensure that the 
increase in weight observed has not been wholly or partially 
due to this addition of water, etc., etc. 
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The following experiments can be adapted to the varying 
needs of students at diiferent stages. Tlie qualitative part 
is specially suitable for those who require more practice in 
the work to which they have been introduced in the previous 
chapter, and it need not necessarily be done at all by those 
who wish to devote all their time to practice in quantitative 
work. Again, when it conies to the quantitative part, it will 
depend on the student’s attainments whether the experiment 
is restricted to just proving that there has been an increase 
or decrease in the weight of the substance used, or whether 
the object is to ascertain with all possible accuracy the amount 
of the completed change for a known iveight of material. The 
experiments in which the weight change occurring is to be 
measured in this accurate manner (viz. decomposition by 
heat of potassium chlorate or perchlorate, and production of 
silver chloride from metallic silver) have been specially chosen 
because the data obtained in this analysis and synthesis are 
of great importance in the determination of combining iveights, 
and will be used as antecedent data in subseiiuent experiments 
(post, pp. 102, 2(ir>). 

Experiment VIII. Tlic heating in air of 

(i) iron, 

(ii) inagiicsiiim, 

(iii) copper. 

(i) (^0 Tlie effect of heating iron in air has been investigated already 

(F3xi>. III). In order to complete the 
reaction it is desirable to work witli a 
small ainoimt, to use the iron in a state 
of fine divi.sion, and to expose its surfiice 
a.s much iU4 pos^siblc to the action of the 
air by grinding uj) the mass and heating 
again several times. 

{h) Tlie pr<iof that the burnt iron 
weiglis moie than the metal can be 
furnished by using a variety of experi¬ 
mental devices : tlie iron can be heated 
in an oi)cn crucible or held by a liorse- 
shoe magnet .suspende<l from the hook 
of a balance i>au (fig. 17). Of course the 
finer the .state of division of the iron, tlie 
greater the eft’ect and the less lieating 



Fig. 17. 
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required; no difficulty arises from meclianical loss, as neither tlio metal 
nor the burnt iron is volatile. But it is essential that the material should 
be free from the giease often used to keep iron from rusting;, and that it 
should be dry ; the powdery reduced irt>n always holds some moisture, 
which must be removed before use by heating; in a stream of i>urc dry 
hydrogen, cooling in the hydrogen and keeping in a desiccator until re¬ 
quired. The experiment in this form does not lend itself well to finding 
the actual increase in weight per unit weight of metal, and hence there 
is no j)oint in even trying to complete the reaction, or to ascertain tlie 
weight of iron used, which should be considerable in or<ler to get a large 
effect. 

Record of results. 

Scheme for note-book entry. 


Properties of: 


The original 
substance 

Ivon 


(«) 


Action of heat 
Appearance: 

Colour 
Action of: 

dilute hydrochloric acid 

cone, hydrochloric acid 

solution of ammonium 
(or potassium) thio¬ 
cyanate on the solu- | 
tions in hydrochloric ; 
acid 


The substance loft 
after the heating of 
the original iron 

Burnt iron 


(b) Wt. of crucible + iron before heating = 20'4() grams 

,, + unchanged iron H burnt iron after heating =20-68 ,, 

Itifference = 0-22 ,, 

(ii) frt) Here again the qualitative experiment of heating magnesium 
in air has been described ulreatly, and nothing iiocmI ho a<Ided. 

(fc) III performing the quantitative part of the exiicrimont, special pre¬ 
cautions imi.st he taken to prevent the loss of material in the form of dense 
wliite fumes. It is obvious, therefore, that if any increase in weight at 4 ill 
is observed, this increase represents only a part of the actual increase, owing 
ttt the probability of some mechanical loss having occurred. The great 
ilifficulty of preventing mechanical loss and the complicatijuis due to the 
simultaneous occurrence of a nunihcr of ilifferent reactions (formation of 
silicide and nitri<le, see p. on) make tliis experiment unsuitable for the 
actual determinatiomff tlie ratio magnesium : hnrnt magnesium (magnesium 
oxide). 
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may be done in a ci-ucible with a plug of ignited asbestos 
(to. retain the solid otherwise carried off in the 
foim of white fumes), and .nth the lid slightly lifted to allow the access of 
the air necessary for combustion. oi 


A. Magnesium wire or rib¬ 
bon or filings. 

B. Loose plug of ignited 
asbestos. 



C. Lid of crucible put on 
slanting, so as to leave 
an opening. 


Fig. 18. 


A more elaborate contrivance is depicted in fig. 19; the object of this 
special arrangement of apparatus is to produce conditions in which it is 
possi e . (i) to weigli the combustible and the burat substance in a vessel 
so m-ranged that no change can occur during the process of weighing; 
{u) o suppl} the air necessary for combustion at an easily adjustable rate— 
the aspirator could of course be replaced by a water suction pump, or by an 
arrangement similar to tliat shown in fig. 36 A, p. 153; (iii) to retain by 
means of the asbestos plugs any solid iiroduced by the condensation of fumes. 


Record of results. 


Specimen of note-book entry. 




(i) 

(ii) 

Wt. of glass tubs + asbestos plug + 

magnesium = 

grams 

42-942 

grams 

35-658 

4- 

burnt 4- unchanged = 

43 074 

35 -774 


magnesium magnesium 
Difference s 

0-132 

0-216 


(iii) (rt) For the qualitative test, detach some of the black scales formed 
on the surface of the copper; or some of the turnings changed only super¬ 
ficially may be used. 

(b) For the quantitative test, tlic copper should be used in the form 
of fine turnings; in order to produce an effect as gi'eat as possible, it is 
necessary to heat in a current of air, using the apparatus depicted in fig. 19. 
To complete the change is almost impossible, as the layer of burnt copper 
formed on the surface protects the core fi’om being acted upon^ 

1 Examine the copper oxide made from wire for organic analysis, by breaking 
a wire and noting the core of red copper. 
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A. Hard glass tube boldiDg substance to be heated (magnesium or copper or 
phosphorus), with plugs of ignited asbestos at both sides to keep the sub- 
stance in place and to retain products of combustion. 

Aj. Same tube (slightly enlarged) prepared for weighing, with contents as in A, 
but closed with corks and fitted with suspending wire. 

Bj, Wash bottle with concentrated sulphuric acid, to dry the ingoing air and to 
show the rate at which it passes. 

Wash bottle with concentrated sulphuric acid, to prevent moisture from C, 
passing back into A. A calcium chloride tube might be substituted here. 

C, . Aspirator filled with water and fitted with rubber tube closed by clip. 

D. Rubber tube and screw clip, for producing and regulating the flow of air 
through the whole apparatus. 

C 2 . C 3 . Modifications of Cj. 
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Record of results. 

Scheme for note-book entry. 


Properties to be observed in 

Tbe original 
substance 

Copper 

The substance left 
after tbe heating of 
the original copper 

Burnt copper 

(r() Action of heat 

Appearance: 

Colour 

Coherence 

Action of cone, hydrochloric 
acid in the absence of air 


1 


(i) m 

grams grams 

(i) Wt. of glass tube + asbestos plug + copper :=108-06 104*66 

.» ,, + burnt+unchanged = 108*73 105*37 

copper copper 

Difference 0*67 0*71 

Experiment IX. Action of heat on potiissium chlorate (or perchlorate). 
Use tlic pure rccrystallised salt and test with silver niti-ate for the 
absence of chloride in appreciable quantities. If the material available 
does not fulfil the necessary requirements as to absence of chloride, the salt 
must be rccrystallised until the silver nitrate test shows that the desired 
result has hoen attained. If the substance worked with is the perchlorate 


Solubility Curves. 



Temperature. 
Fig. 20. 
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the problem is complicated by the necessity of testing also for chlorate, the 
presence of which is detected by the evolution of chlorine on boiling the 
solid with hydrochloric acid. The process adopted to remove the chlorate 
consists in changing it to chloride by evapoi*ating to dryness >vith hydro¬ 
chloric acid, and then getting nd of the chloride by first washing with small 
quantities of cold water and afterwards recrystallising the perchlorate from 
hot water. 

The diag^m (fig. 20) of the solubilities of potassium chloride, chlorate 
and perchlorate indicates the coui-se to be followed in the separation it is 
desired to effect, viz.: solution in the least possible quantity of boiling water 
of the mixture of chlorate and chloride, of which latter there is present 
from the outset a very small amount only; cooling; draining on filter plate, 
uith use of pump (fig. 21), the crystals of chlorate which have separated out; 
washing the crystals with small amounts of cold water to remove adhering 



Fig. 21. 

A. Filter bottle. C. Empty wash-bottle. 

B. Funnel containing filter plate with D. Pressure tubing. 

hardened filter paper. D*. ,, ,i in connection 

with pump. 

chloride; and repetition of the whole process until a small portion when 
tested is found free from chloride. 

Since the distinguishing properties of the throe salts have to be used in 
the process of purification, and since the product of heating the chlorate or 
perchlorate is chloride, the table summarising tlie results of (a) is given 
already filled in (p. 93). For success in the quantitative part of the cxi>cri- 
ment it is essential that the salts used should be dry, which is ensured by 
reducing the crystals to fine powder, keeping them for some hours in an 
oven heated to a little above lOO^C., patting them whilst still hot into a 
desiccator and keeping them there until wanted. 

(a) Heat a sinull amount, abo\»t 1 gram, of the salt (which need not have 
been specially dried) in a hard glass tube, and test the gas evolved. Heat 
another small amount in an open cnicible or small dish (supported oji clay 
triangle) and note the sequence of occurrences :—the liq\iefaetion of the salt; 
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Hvn in the case of the chlorate evidently occura in 

tagres, of which the second is the more vigorous; the solidification of 
the mass after the gas evolution has subsided; and, prlZTmet^Za 
tme ts raised very consideraUy\ the final fusion to a clear liquid which 
seems to remain unchanged on the continued application of heat After the 
to been lieated strongly for ten minutes or so, it is allowed 

necest Co^'brlk ^ containing vessel (which removal may involve the 
shSbe nl«.-o vessel), powdered and again strongly heated. It 

mate^^ fnv fi 1 recommended aims at providing 

foi the qualitative tests in the quickest and simplest possible 




A. Hard glass tube of about 50 c.c. capacity. 

B. Powdered crystals of pure dry chlorate. 

C. Plug of ignited asbestos. 

D. Loop of copper wire for suspending the tube from the balance. This loon 
must be removed whilst the process of heating is being carried out. 

manner, discarding precautions against mechanical loss, which uill be con- 
sideinblc, since the escaping gas carries nith it particles of the solid, shoiring 
as white fumes. 

Powder some of the solid left behind after the process of heating, and 
carry out tlie comparative examination which (together ivith its results) is 
summarised in the following table : 


’ This can be done by heating with two good Bunsen burnerst placed so as 
to produce their maximum effect on a small amount of the salt contained in a 
test'tube of thick Jena glass, as in fig. 22. 


The Action of Heat on (i) Potassium chlorate or (ii) perchlorate 
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(6) According to the time available and the stage reached by the 
students, this part of the expei’iment may be done in one of two ways : 

(a) Finding out simply whether there has been a decrease or increase 
in weight, in which case it will not be necessary to complete the reaction, or 
even to know the amount of salt taken j moreover, though it is of coui'se 
desii-able to reduce errors due to impurities and to mechanical loss, yet 
provided the effect of such errors is much smaller than the change measured, 
time need not be spent in trj-ing to eliminate them completely. 

Wt. of glass tube+asbestos+suspendingwire + potass, chlorate =28*73 

+ changed potass, chlorate) 

+ unchanged potass. ,, ) 

Difference =~0'79 

O) Determining with the utmost accuracy attainable under the special 
conditions the ratio of chloi*ate (or perchlorate) to the substance formed, 
which is potassium chloride. The modiffcations in the experimental pro¬ 
cedure required for accomplishing this are: (i) an extra weighing to 
ascertain the actual amount of substance used; (ii) some efficient arrange¬ 
ment for i)reventing loss of weight due to mechanical dispei'siou of solid 
material, e.g. one long or two shorter plugs of fine asbestos fibre which 
have been carefully ignited and then kept until wanted in a desiccator; 
(iii) making sure that the whole of the material Inis been changed by 
repeating the heating and subsequent W’eighing when cold (the tubes should 
he cooled and kept in a desiccator) until two consecutive w'eighings do not 
differ by an amount gieater than that of the expeiimental error of the 
weighings. 


Summary of results of class. 


Ratio potass, chlorate : potass. chloride=100 : x 


Results obtained by a class of 5 students 



I (i) 

1 

(ii) 

(iii) 

1 (iv) 

Student A 

60*91 

61 37 

01*15 

60*28 

B 

' 60*81 

62*68 



C 

60*45 

60*86 

(83-1.3) 


D 

6004 

59*93 

(65*29) 

1 


E 

(69*7) 

600 



Mean of 11 experiments 60*77 


Standard Values 


Berzelius, 1826 

Peuuy, 1839 

Pelouze, 1812 

Merignac, 1812 

Maumend, 1846 


Stas, 1st series, 1800 


i » 


2ud 


9 9 


60*851 

60*823 

60*843 

60*8392 

60*791 

60-84*28 

60*849 


General Mean from all series, repre- 
sentiug 40 experiments 
Stas* Mean 

Stiihiei* and Meyer, 1911 


60*846 

60-846 

60*834 


Specimens of note-book entries. 
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Experiment X. Tlie action on silver of nitric acid, followed by that of 
liydrochloric acid. Production of silver chloride^ 

Jor (a), tlie qualitative part of the e.xperiment, the silver may be used 
in the form of ‘ leaf," which dissolves very i-apidly and is comparatively in¬ 
expensive, but for (6), the quantitative part, the material must be the purest 
foi that can be obtained. In Merck’s Puritz/ of Chemical Reagents the 
fallowing directions are given for testing for the more common impurities 
in metallic silver: 


foreign MetalsDissolve two giams of silver in the smallest possible 
quantity of nitric acid (spec, gi-av. 1-2). The solution should be colourless 
t insoluble residue (antimony and tin). Dilute with 

about -00 c.c. of water (no turbidity should occur after stau^ng one hour 
—bismuth;, and precipitate the silver by adding hydrochloric acid to the 
boiling .solution. Allow the precipitate to settle in'a dark place, filter and 
evai)oi-.itc the filtrate. Xo weigliablc residue slioiild remain. 


(or) 1 rcat one leaf or a tiny scrap of foil contained in a largish test- 
tube with a few c.c. of dilute nitric acid (ordinary strength of bench reagent), 
and warm. Note the various occurrences accompanying the process of 
.solution •, boil until the evolution of red gas ceases; add solution of hydro- 
clilorie acid ; filter the white curdy precipitate formed; wash with hot 
uater until a few drops of the filtrate give no precipitate uitli silver niti*atc 
solution; inve.stigatc the jiroperties of this solid and embody the results iu 
tabular fiirm. 



Silver 

Solid obtained from the 
silver by the action of 
nitric acid followed by 
that of hydrochloric 
acid 

1 

Appearance: 

Colour 

Coherence 


1 

1 

Effect of heat 


1 

1 

Action on solid of: 

Nitric acid 

Ammonia 

j 


Mixture with sodium carbonate 
and potas.s. cyanide heated 
on charcoal in blowpipe 
tiaiue 




^ “ Silver chloride occurs as the mineral...horn silver....This ore was known 
to the older mineralogists. Gesnor in 1-565 terms [it] argentum cornu pellucido 
simile, and Matthesius iu his Bcrg-poetilla, published in 1585, terms it ‘glass- 
ore, transparent like horn in a lantern.’...The method of preparing silver 
chloride artificially was probably known to the old alchemists, but is first dis¬ 
tinctly mentioned in the works of ‘Basil Valentine,’ who says; ‘Common salt 
throws down D .’..."When it was found that the precipitate was fusible and 
solidified to a transparent horn-like mass, the name fuiw cornea was given to it. 
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<5) (a) It is not difficult to carry out fairly quickly an experiment in 

which a small round-bottomed long-necked hard glass flask is used for dis¬ 
solving the silver, precipitating the silver chloride, removing the liquid by 
evaporation and finally fusing the silver chloride, the flask with its contents 
being weighed before and after the reaction ; but the difference in time 
required for making the experiment quantitative in the extended sense uf 
(3) makes it barely worth while to spend time on showing merely that the 
chemical change from metal to silver chloride has been accompanied by 
increase in weight. 

A more profitable course would be to do the converse experiment, to 
produce metallic silver from <lry silver chloride containe<l in a hard glass 
tube by heating in a cun*ent of liydrogen and establishing the decrease in 
weight. This may be a convenient point for the student to make actpiain- 
tance with the various devices for the so-called continuous evolution of 
gsiscs, which can be produced rapidly and w ithout the application of heat 
by the action of a liquid on a soIi<l. The catah)gues of the various <iealers 
in chemical apparatus may be usefully consulted. Some simj)le fiu*ms of 
such appanitus arc shown in fig. 23, p. 98. 


Record of results. 


Wt. of tube -I- asbestos plug + silver chloride = 20-5678 gms. 
,, .1 -»• metallic silver = 20-3020 gms. 

Difference s •2658 gms. 


(3) On the other hand, tlic determimition hy the student, witli the 
gi-eatost accuracy of which he is capable, of the ratio silver : silver chloride 
is an experiment of tlio utmost importance. It einhodies the technique of 
the gi-avimetric determination of silver ami of chhn-idos respectively, ami 
it also shows how- one of the constant.s of fundamental imiwrtance in com- 
hining (atomic) weight determination is .'ascertained {Slmly of C/teiniral 
CoJiiposUiou, p. -209). 

It is important that the solution of the metal should be carried out so 
as to minimise mechanical loss by the carrying away of st)me of the solution 
in the form of si>ray. The acid used should be dilute, so as to prevent 
violence of acticjii, aiul not more than is necessary shouhl be used, in order 


Libavius stated that the substance obtained by precipitating silver solution with 
common salt weighed less than the silver itself, but this statement was contra¬ 
dicted by Boyle ; and Kunkel in his Laboratorium Chymicum says that many 
substances are difficult to separate from one another: ‘ Such is seen in D cornea, 
as 12 oz. h retain out of the common salt 4 ozs. terra and salt. ’ ” (Koscoe and 
Schorlemmer, Treatue on Chemintry, vol. ii.) In this determinatiou Kunkel 
(1630—1702) seems to have attained a very high degree of accuracy, the ratio 
12 :16 being equal to 100 ; 133-3, whilst the present-day standard ratio (post 
p. 103) is 100 : 132-86. 


F. C. 
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Apparatus for heating^ silver chloride 

in hydrogen. 






Fig. 23. 

Apparatus for the generation of hydrogen by the action of dilute sulphuric 
acid on zinc. This special form of gas-generating apparatus goes by the 
name of its inventor Kipp ; it may be used in all those cases when a gas 
is readily evolved by the action of a liquid on a solid without the necessity 
of applying heat, e.ff. carbon di-oxide from marble and dilute hydroolJoric 
acid. The advantages of the arrangement are that the evolution, which xs 
described as continuous, can be stopped and started again, and its rate 
adjusted, at will. 

A". Simple forms of apparatus that can be used as substitutes for A; by 
adjusting the rate at which the liquid is dropped on to the solid^^the rate ot 
evolution of the gas can be controlled, and the spent liquor can be removea 
by opening the screw clips IVl and N. It is advantageous to put a layer K 
of small glass marbles, or lumps of some other inactive solid, at the bottom 
of the generating vessel, under the layer of zinc Q. 

Gas wash bottle filled with concentrated sulphuric acid, to dry the hydrogen 
and show the rate at which it is passing. ^ 

Bulbed tube of hard glass, containing the silver chloride in the bulb an 
plugs of ignited asbestos in the aides. 
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to reduce the time required for the removal of liquid by evaporation. 5 c.c. 
of acid of strength 3 N foi* every 1 gram of metal is a suitable quantity. 

The arrangement depicted in fig. 24, in which, during the process of 
solution, the fiask is kept in a slanting position and carries a small funnel, 
is devised with the object of retain¬ 
ing spray, which primarily would 
impinge on the wall of the flask or 
the stem of the funnel, whence it 
would fall or be washed back. Solu¬ 
tion should be initiated by gentle 
warming, after which it should be 
allowed to proceed unaided ; when 
complete, the solution should be 
boiled gently for a few minutes to 
remove nitrous fumes. An approxi¬ 
mately equal volume of warm hydro¬ 
chloric acid solution is then gradually 
added to the hot silver solution, uith 
constant shaking to prevent the in¬ 
clusion of any unchanged solution 
by the cm*dy precipitate formed; 
the precipitate is allowed to settle, 
and a few more drops of hydro¬ 
chloric acid are added to see whether 
precipitation has been complete. 

When this has been accomplished, 
the isolation of the precipitate for 
purposes of weighing may be efiected 
in one of two ways: (i) evaporation and subsequent fusion in the flask 
itself, all the other substances i)rcsent, viz. nitric acid and hydrochloric 
acid, being volatile; (ii) the use of a Gooch crucible for the processes of 
filtering, washing, drying to constant weight and weighing. 

(i) The crucial point in this method is to accomplish the evaporation 
without loss by spurting. The danger of spurting can be reduced and the 
process accelerated by some aiTangcment for the continuous sucking out 
of the water vapour and its rejdacement by dry air, in which case the 
liquid need not be heated to the boiling point. The heating is best done, 
not by the dii'cct localised action of a gas flame, but by some arrange¬ 
ment for surrounding the whole of the lower portion of the flask >vith 
heated air (see fig. 25). 

A device used by Sir Edward Thorpe in his detennination of the com¬ 
bining weight of radium may with advantage be used in a simple form, to 
remove by suction iis much us possible of the liquid before cvapoi'ation is 
begun (fig. 26). 

When evaporation is completed, the solid is heated to incipient fusion 
by the direct action of a small flame on the flask, the flask is cooled and 
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tlien weighed, and the process repeated until the weight has become 
constant. 

(ii) The procedure as far as the solution of a known weight of the 
silver is the same as in (i), after which tlie precipitate is collected in a 



A. Metal cone such as is used for the drying of precipitates in funnels, 
resting on an iron plate. 

B. Asbestos sheet with hole which holds the flask C, slipped in through slit in 
the sheet. 

C. Long-necked round-bottomed hard glass flask of about 100 c.c. capacity, 
holding the precipitate and supernatant liquid. 

D. D'. Wash-bottles for the condensation in D, and solution in water in D', 

of the acids distilling over from C and prevention of these from attacking 
the pump. 

E. India-rubber joints—it is important that the two pieces of glass joined 
should touch, so as to minimise the surface of rubber exposed to the action 
of nitrous fumes. 


weighed Goocli crucible, washed, and dried to constant weight. The 
technique of preparing the Gooch crucible, filtering and drying, is given 
in most text books of quantitative analysis {e.g. Clowes and Coleman). 
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Fig. 26. 


A. Flaak containing precipitate and clear supernatant liquid, held by clamp 
which can be easily moved up and down, making it possible to bring 
the flask into a position such that the capillary tube B is just above the 
precipitate. 

B. Capillary tube of very fine bore, arranged as a siphon through which the 
liquid is drawn oS so slowly that the solid is not stirred up by currents 
produced in the liquid. 

C. Erlenmeyer flask with well*fltting cork, through which passes the capillary 
and also an ordinary glass tube, suction at the open end of which starts the 
flow of liquid. 

Record of results. 

Specimens of note-book entries. 

Weight of silver chloride obtained from 100 grams of silver 


By method 1. 



(1) 

(2) 

I 

Wt. of empty flask and suspending wire . 

. =a 

grams 

30-4782 

I 

grams 

38-1575 

tt »1 

+ silver=b 

37-7765 

41-8844 

Wt. of silver. 


. = 6 - a 

2-2983 

3*7269 

Wt. of empty flask + silver chloride.. 

. (i)l 

(iil 1 

(iii) 1 

(iv) J 

• = c 

38-5382 

38 ‘53561 Qo. 
38*5358 

43-1080 

43-1070 

43*1052 

43-1050 

Wt. of silver chloride . 


. =c - a 

3-0575 

4-9475 1 

*Wt. of chloride obtained from 100 

grams of 


1 

1 

silver.. 

_(£ 

-a) 100 

13303 

132 ‘TS 

b-a \ 


I 
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By method ii. 


Wt. of silver foil ^ . 

Wt. of crucible with asbestos after heatiog 

Wt. of crucible with asbestos + precipitate 


Wt. of precipitate . 

Wt. of silver chloride obtained from 



100 




= c- 


h 


grams of silver 


(c - b) 100 
a 


grams 

0-5640 

11-5937 

11-5925 

11- 5930 

12- 3365 
12-3358 


0-7428 


131-70 


Summary of results obtained by class. 

Weight of silver chloride obtained from 100 grams of silver 



(1) Weighing of 
precipitate in 
flask in which it 
j was produced. 

(2) Weighing of 
precipitate col¬ 
lected in Gooch 
crucible. 

Student A 

133-24 

131-84 

B 

132-39 

132-56 

C 

132-87 

133-18 

D 

133-62 

1.S2-26 

E 

131-08 

131-15 i 

F 

131-94 

1 

6 

131-82 

133-05 

H 

[130-5] 


I 

132-9 

132-3 

J 


131-6 

K 


[130-8] 

Ii 

131-25 


Mean 

132-26 

132-24 


Standard values. 

Stas, 1860: 

by burning metal in cbloi-ine. 132-843 

by solution of metal in nitric acid, followed by 

precipitation with gaseous hydrochloric acid . 132*848 

precipitation with solution of hydrochloric acid. 132-848 

precipitation with solution of ammonium chloride . 132*842 

Richards and Wells, 1906 : 
by weighing chloride 

(i) in Gooch crucible . . 132-861 

(ii) in quartz vessel in which precipitation had been 

effected without transference of material . 132-867 


^ This can be weighed on the balance pan. 
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Ill considering the summary given on the preceding page it is interesting 
to contrast the close agreement between the two sets of the students’ results, 
viz, 132-26 and 132'24, with the disagieenient between their mean value, 
132-25 and the standard value 132-864 (Richards and Wells), a disagree¬ 
ment which is certainly due in part to the constant error produced by the 
impurity of the silver foil used. 

III. The results of the study of the quantitative aspect 
of chemical change used for purposes of classi¬ 
fication. 

The great interest and importance of the problem dealt 
with in this chapter lie in its intimate connection with that 
part of chemical classification which divides all substances 
into (i) complex and (ii) simple. 

(i) Complex substances are characterised by the fact that 
though they may combine or interact with one or more other 
substancestoform new substances more complex still,and there¬ 
fore weighing more than the original, they'can also by decompo¬ 
sition yield new substances weighing less than the original. 

(ii) Simple substances, or elements, on tlie other liaiid, 
can undergo the one kind of change only in M'liich the product 
is more complex—yielding substances weighing more than the 
original. 


IV. The conception of ‘ element.’ 

‘ Simple substance ’ is synonymous with ‘ element,’ the 
name given from olden times to fundamental constituents or 
units, from which material all the substances surrounding us 
and apprehended by our senses are compounded. And tliere 
is no more interesting chapter in the history of cheniisti’y 
than that dealing with the conception of ‘ element ’ as held at 
difterent times, with the transition fi’om the metaphysical 
views of the early Greek philosophers to our present position, 
based entirely on empiricism. The views of the early schools 
of Greek philosophers are characterised by their simplicity, 
by the postulation of one single kind of matter capable of 
transformation into all the other substances which constitute 
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the world. For Thales (640—546 B.C.) this was water, for 
Anaximenes (560—500 b.c.) air, for Heraclitus (536—470 b.c.) 
fire; for Pythagoras and his school (end of sixth century b.c.) 
number was the permanent thing underlying all change; 
Emijedocles of Agrigentum (490—430 b.c.) builds up the uni¬ 
verse from the four elements fire, earth, air and water by 
the action of the outside activating principles love and hate; 
Anaxagoras assumes an almost infinite number of elements, 
considering as specific all substances which by repeated 
division yield parts having the properties of the whole; the 
atomistic school of philosophy, with which are associated the 
names of Leucippus (sixth century b.c.), Democritus {circ. 
460—360 B.c.) and Epicurus (341—270 b.c.) and the tenets of 
which have been lianded down to us in the poem De Retnim 
N^atura of Lucretius (98—55 B.c.), made unchangeable and 
indivisible ‘atoms,’ different in shape, size and ari’angement, 
the building stones in the structure of the different substances 
met with in nature. The 4-element hypothesis of Empedocles 
was accepted by Plato (427—344 B.C.), who considers fire, air, 
earth and water as the material used in the creation of the 
body of the Univer.se; and it passed into the natural philo- 
soi>hy of Aristotle, under whose mighty name it reigned 
supreme, dominating science all through the Middle Ages 
and riglit up to the end of the seventeenth century and 
even now met with in popular thought and speech*. In the 
Ari.stotelian <loctriiie, matter of one kind is associated with 
qualities, the different conjunctions of wliich give rise to the 
diflerent substances; for some reason not very apparent, the 
essential properties of which this fundamental matter acts as 
carrier are hot and its contrary cold, wet and its contrary dry; 
and the possible combinations of these qualities in sets of two 
give rise to tlie four elements, earth and fire, air and water. 

1 “ Vier Elcmente, innig gesellt, 

Bilden d.as Leben, bauen die Welt.” (Schiller.) 

“ Elements four, united at core. 

All life enfold, the world uphold.” 
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The Aristotelian Four Elements 
and their relation to 
The Paracelsian Three Principles 



Fig. 27. 


Of each element tliere can be different kinds, due to 
different degrees of the same properties; moreover, owing 
to the abstraction of certain qualities and the substitution 
of others, the elements can change one into another. Gi'eat 
as was the respect for the Aristotelian view of the nature of 
elements and the ultimate constitution of matter, the recogni¬ 
tion of its inade<iuacy to explain in practice all the observed 
diversities in matter led to the grafting on to it of the doctrine 
of the three principles which, initiated b}' the Arab Geber in 
the eiglith century, found so strong a champion in Paracelsus 
(1493—1541) that it came to be known by his name. Foi* 
tlie determining properties, dry and wet, hot and cold, were 
substituted others which e.xperience had revealed as chai'acter- 
istic of different classes of substances. Of the three ju’inciples 
postulated, mercuiy was taken as representative of the speci- 
ffeally metallic properties (ductility, fusibility and lustre); 
sulphur stood for combustibility, and salt for permanence 
under the action of heat. What the exact relation between 
the Aristotelian and the Paracelsian doctrines was, is difficult 
to decide; but it is certain that a good many writers con¬ 
sidered the three principles as the more proximate components 
of matter which had themselves been evolved from the ultimate 
constituents, the four elements (see fig. '27). 

Revolt against these doctrines, which had become common 
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towards the end of the sixteenth century, and with Avhich 

are associated the great names of Van Helmont (1577_ 

1044), Bacon (1561—1626), Gassendi (1592—1655), Descartes 
(1596—1650), was led to victory by Robert Boyle (1627— 
1691). In the Sceptical Chijmist (1661)* both the Aristo¬ 
telian and the Paracelsian doctrines are refuted by appeal 
to experiment, by the demonstration that the results of 
analyses and syntheses -are not in agreement with them, 
that the so-called ‘ elements * cannot always be produced 
frcjin all substances and that they may themselves be 
I'esolved into simpler things still. But Boyle’s woi*k is not 
only destructive ; its constructive part consists in the intro¬ 
duction into the science of that clear and definite conception 
ot ^element’ which survives in its original form, and in the 
course of more tlian two centuries has had nothing added 
to it or taken from it, and Avhich, since its basis is purely 
empirical, will no doubt continue to adapt itself to the re¬ 
quirements of a growing science. 

I niciin hy elements certain inimitive anti simple, or peifectly nnmingletl 
|Hulics ; wliich not being made of any other bodies or of one another, are the 
ingredients of which all those called perfectly mixt bodies arc immediately 
comjKniiidcd ami into which they arc ultimately resolved. 

According to this view, the purely enn>irical nature of 
which cannot be too much insisted upon, our so-called ele¬ 
ments arc not substances which cannot be decomposed, but 
merely sid)stances which so far have not been decomposed. 

I slmnld apprehend there are a con.siderable number of what may 
pr(*j)crly be called eU’inetitnry p)*inci])les, which can never be inetamor- 
pho.scd one into another by any power we can control. We ought, 
however, to avail ourselves of every means to reduce the number of bodies 
«»r i>rinci))les of this upiicarance as much jis possible ; and, after all, we may 
not know what elements are absolutely undccomposablc and what are 
refractory, because we tlo not apjdy tlio proper means for their reduction. 

(Dalton, 1810.) 

In the views that I have ventured to develop, neither oxygen, chlorine 
<»!• lluorine arc asserted to be elements ; it is only asserted that, as yet, they 
have not been dcconiposed. (.Sir Humphry Davy, 1814.) 

Moreover at tlic present day we believe that in the case 
of the majority of tlie substances termed elements we deal 
with the same stage in the complexity of matter, though this 

Reprinted lately iu 2Zvcr\jman'’s Libranj (Dent). 
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need not be, and probably is not, the simplest agglomeration 
of matter. The justification for this view is based on the 
observation of common regularities in these substances, such 
as the constancy of atomic heat^ (Newth, Inorganic Chcmistrg, 
1907, Part I, vi, p.46; Stmlg of Chemical Composition^ ch. xiv), 
and the variation in properties as a periodic function of the 
atomic weight (Newth, Part I, xii ; Study of Chemical Com¬ 
position, ch. XVI). 


V. Criteria for recognising a substance as complex 

or elementary. 


This then being our conception of ‘ element,’ we must next 
consider that aspect of the problem which from our point ot 
view is of greatest interest, namely, the experimental criteria 
for recognising and classing a substance as complex or simple 
(elementary). The first point calling for attention is that 
one experiment may be sufficient for the recognition of the 
complex nature of a substance, but that a lai*ge number of 
experiments are required before a substance can be considered 
as elementary, and that even then from its very nature the 
classification retains something of the provisional. The quo¬ 
tation given above, in which Sir Humphry Davy summarises 


the results of his researches on chlorine, brings out this i)oint 
most admirably. Clearly it will not be possible to comprise 
in a series of students’ experiments anything that would even 
so much as illusti ate the process of recognising the elementary 
nature of a substance, because to do this would require a very 


great amount of work, the repetition of many experiments. 
Take the case of iron: the fact that heating it in raeno or in 
air, or that the action of dilute sulphuric acid on it, docs not 


* ^^Ima{{ine the simplest bodies, probably as yet unknown to the true 
chemical elements, formioj' a horizontal spreading layer, and i>iled above them 
the simpler, and then the more complicated compounds; the universal validity 
of Dulong and Petit’s law would include the proof that all elements at present 
assumed lay in the same layer, and that chemistry in recognising hydrogen, 
oxygen, aulpliur, chlorine and the different metals as undecoinposable bodie.^^ 
had penetrated to the same depth in that field of enquiry, and had found at the 
same depth the limit to its penetration.” (Hermann Kopp, 
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produce anything weighing less, anything simpler than the 
original iron, is of course a quite insufficient basis for a 
generalisation as to the elementary nature of iron; on the 
other hand, the one experiment on the heating of potassium 
chlorate proves this substance to be complex. 

VI. Classical researches in this province. 

A few words remain to be said about classical researches 
dealing with the problem under consideration. There are the 
cases of: 

1. The isolation of elements from substances the com-* 
plex nature of which had. been suspected or actually 
accepted from analogies with other substances known 
to be complex. 

2. The proof of the elementary nature of substances either 
erroneously considered as complex or newly discovered 
and requiring to be classified. 

1. In 1809 tlie world of science was thrilled by the 
achievement of Sir Humphry Davy, who in the laboratory 
of the then recently founded Royal Institution, by the aid of 
an electric current produced by a huge galvanic pile, had 
obtained from potash and soda metals named by him potas¬ 
sium and sodhim. This achievement corroborated the view 
first enunciated by Lavoisier concerning the complex nature 
of the parent substances potash and soda, a view based on 
analogy of properties between these substances and other bases 
known to be metallic oxides. Again from its similarity" to 
hydrochloric acid, there was no doubt whatever that the acid 
obtained from fluor-spar by the action of sulphuric acid was 
a compound of hydrogen and an element closely related to 
chlorine ; the recognition of this went back to the early part 
of the nineteenth century, but it was not until 1886 that the 
French chemist Moissan overcame the great experimental 
difficulties encountered and succeeded in isolating the element 
fluorine. Similarly when we are told about the discovery in 
1898 by ISIonsieur and Madame Curie of the new element 
radium, this is strictly speaking not a correct statement of 
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the facts. What was found was a substance obviously complex 
as shown by its simila\;ity to other chlorides, and recognised 
as containing a new element because of its new properties. 
This element, radium, was however not isolated by Mme Curie 
and Debierne till 1910. 

The general characteristic of the above-mentioned three 
achievements in the field of analysis is the devising of means 
for the decomposition of the complex substance under con¬ 
ditions such that the element shall not have the opportunity 
to form another complex substance. Thus in the case of the 
isolation of fluorine, the difficulties encountered were due to 
the fact that this element is chemically the most active of all, 
and that the isolation had to be effected by the electrolysis 
of substances free from traces of moisture—liquid hydrogen 
fluoride made conductive by the addition of some potassium 
fluoride—in vessels made of fluor-spar and platinum, that is, 
material not attacked by fluorine. It was a case of finding 
suitable conditions for the performing of one experiment. 

2. In marked contrast to this are the cases in which 
through a comprehensive study of a substance and its de¬ 
rivatives by means of work involving a gi*eat number of 
experiments, proof is adduced of the elementary nature of a 
substance either newly discovered and recjuiring to be classi¬ 
fied, or of one hitherto erroneously considered as complex. 

In 1811 Courtois discovered in the ash of seaweed a new 
substance named by him iodine. Gay-liussac undertook the 
investigation of this new substance, and in 1814 published 
his results in the form of a monograph which still represents 
the ideal of what such work should be. A very large number 
of experiments, qualitative and quantitative, were performed 
with the iodine and its derivatives such as the hydride (hydri- 
odic acid), the oxide (iodic acid), the compounds with nitrogen, 
phosphorus and the various metals, moreover the ari’ange- 
ment of the huge amount of material and the lucidity with 
which it was presented have certainly never been surpassed, 
probably never equalled. The final inference was: 

If we again pass in review tlie cxpcviinonts wliicli I have de-scribed in 
this paper, it will be easy to convince ourselves that not one single one 
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amongst them Justifies us in considering iodine as complex, and least of all 
in considenng it as containing oxygen. {Researches on lodme.) 

Gay-Lussac’s name is associated with another great achieve¬ 
ment of the same nature. It was the work done by him in 
conjunction with Th^nard (1809) that really established the 
elementary nature of the substance named oxymuriatic acid, 
a name changed to chlorine by Sir Humphry Davy, who 

repeated nniny of Gay-Lussac’s and Theuard’s experiments, confinning 
their results, and made a few original ones of a similar nature. 

Like Gay-Lussac and Thenard, he tried all the means then 
known for the abstraction of the oxygen present in a complex 
substance, but without success. Even charcoal, the great 
affinity of which for oxygen is used in the production of 
metals from their oxides, produced no effect. (Ante, p. 78.) 

[Davy’s] chief service lay in his consistent advocacy of the view that 
since oxygen could not be obtained from it, [the so-callcd oxymuriatic acid] 
ought to be regarded as a simple or uudecoinposed substance. 

Some authors continue to m'itc and speak with scepticism on the subject, 
and dennuul stronger evidence of chlorine being undecoinpounded. These 
evidences it is iinpo.ssible to give. It has resisted all attempts at decompo¬ 
sition. In tills respect, it agrees with gold, and silver, and hydrogen, and 
oxygen. Persons may doubt, wliether the.se are elementary bodies; but it 
is not philosoidiical to tloiibt, whether they have not been resolved into other 
forms of matter. 

The chemists in the middle of the last century had an idea, that all 
inflammable bodies contained plilogiston or hydrogen. It was the glory of 
Lavoisier to lay the foundations of a sound logic in chemistry, by showing 
that the existence of this princijilc, or of other principles, should not be 
assumed where they could not be tlctcctcd. (Davy, The Elementary Nature 
of Chlorine^ Alembic Club Reprints, 9.) 


CHAPTER III 


CLASSIFICATIOX OF COMPLEX SUBSTANCES INTO 

MIXTURES AND COMPOUNDS 


I. Recognition of the characteristics of the two types 

of complex substances. 

Ill tlie preceding chapter the changes in weight accom¬ 
panying the transformation of one kind of matter into another 
were shown to lie at the basis of the division of all substances 
into the two groups complex and elemeafavi/, a classification 
which is continued in the further differentiation of the complex 
into mixtures and compounds. Complex substances may as 
regards their structure be either liomogeneous {e.ff. calcium 
nitrate, potassium chlorate, silver chloride, suliihuric acid 
solution) or heterogeneous {e.g. granite, milk in which tlie 
cream is separating out, a badly nia<le mayonnaise sauce, 
turbid river water). It has been stated in an earlier chapter 
(p. 52) that the chemist selects for separate consideration the 
homogeneous constituents of lieterogeneous agglomerations, 
but this of course does not do away witli the desirability, or 
rather tlie necessity, of including lieterogeneous substances 
within the scope of work, the object of which is the ex¬ 
perimental study of complex substances leailing to that 
highest type of chemical classification in which properties are 
correlated with composition. Hence for heterogeneous agglo¬ 
merations no less than for homogeneous complex substances 
the course taken by chemical science has been to investigate: 
(i) the means available for the resolution into homogeneous 
constituents, <ii) the relation between the projierties of the 
comiilex structure and those of its constituents. A com¬ 
parison of the results obtained under each of these counts, 
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for heterogeneous and homogeneous complex substances 
respectively, supplies the criteria for the recognition of 
different kinds of complexity. As regards homogeneous com¬ 
plex substances, these are of two kinds, comprising those 
substances whose properties, qualitative and quantitative, 
are identically the same for different specimens, and solutions, 
whose quantitative properties vary but do so as a continuous 
function of the composition (antCf p, 80). It M"ill simplify 
matters if at this stage we omit solutions from the scope of 
our consideration, except when to do so would create a wrong 
impression or produce looseness in definition. 

1. Method of obtaining the data used in the subdivision 
of complex substances. 

We may either Avork synthetically, bringing together and 
mixing intimately substances of known properties, and after 
haviiAg subjected them to conditions favouiable to the occur¬ 
rence of chemical change, investigate the properties of the 
resulting mass. Or Ave may AA’ork analytically, starting Avith 
substances found in nature or prepared artificially, discover 
by trial the means for resolving them into their proximate 
constituents, and comijare the properties of the original com¬ 
plex substance Avith those of its constituents. Let us consider 
each of these methods separately. 

(a) Synthesis, 

Experiment XI. Tlie coinpai-atiA'c study of 

(i) 

(ii) sulphur, 

(iii) iron and sulphur intimately mixed, 

(iv) iron and sulidmr intimately mixed and heated. 

Tliis is the stock example inevitably met uith by every student of 
chemistry at a very early stjige ; but it is an example so telling, so obviously 
superior to any other, that it would be foolish to discard its use, to attempt 
originality at the cost of simplicity. 

Use the iron in the form of powdery reduced iron, the sulphi^ m the 
form of very finely powdered roll sulpliui- sifted through muslin. For 
(iii) use the two solids in the ratio of .3 parts by weight of iron to 2 pai*ts by 
weight of sulphur and grind together, mixing as intimately as possible. 
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For (iv) heat about 10 grains of the mixture under conditions which minimise 
the access of air, using either a 
crucible covered with a well-fitting 
lid, or a glass tube suitably drawn 
out (fig. 28); since the removal of the 
black spongy mass formed generally 
necessitates the breaking of the 
containing vessel, considerations of 
economy are in favour of a test-tube, 
all the more as this is an opportunity 
for disposing of those broken at the 
top ; jind there is the further advan¬ 
tage that a test-tube allows what 
happens inside to be seen. In any 
case it is sufficient to start the pro¬ 
cess by applying heat in (me place, at the bottom of the test-tube or crucible, 
after which the reaction will proceed spontjincou.sly, the whole mass 
becoming red-hot, owing to the heat liberated during combination. The 
process is in this respect analogous to the burning of coal in the oxygen of 
the air, which also must be initiated by the application of outside heat, 
after which it proceeds spontaneously; but with this difference, that in tlie 
case of the burning coal, since the resulting and one of the reacting sub¬ 
stances are gaseous, flame is produced. Tlie table given below summarises 
the tests which experience has shown to yield results jiertincnt to the sjjccial 
point investigated. 



The Comparative Study of 


(i) Iron 


Appearance: 

Colour 

State of aggregation 
Structure when exam¬ 
ined with lens 
Effect of heat 
Action of magnet 
Effect of suspension in water 
Action of dilute hydrochloric 
acid, and testing of any 
gas evolved with regard to: , 
Infiam inability 
Action on lead acetate ' 
paper, and smell 
Action of carbon bisulphide 
Inference 


I (iii) Iron 

; (ii) Sulphur and sulphur 
I mixed 



(iv) Iron 
and sulphur 
mixed and 
then heated 


I 



F- C. 


8 
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Experiment XII. The comparative study of 

(i) oxygen, 

(ii) sulphurous auliydride, 

(iii) a mixture of these two gases, 

(iv) the same mixture after it has been p;issed over heated platinised 
asbestos and collected in a vessel suiTounded by a freezing mixture. 



A. Hound-bottomed distilling flask of about 300 c.o. capacity, bolding B, some 
dry sodium peroxide and fitted with the dropping funnel C, which contains 
water. 

D. Three-way stop-cock connected through a with A, through b %vith the 
aspirators E and F, and through c with the delivery arrangement G. 

E, F. Aspirators for the storing and delivery of the oxygen; each bolding 

2—4 litres. 

G, Gi. Suitable arrangements for delivering the oxygen: either a pneumatic 
trough for water or mercury, or a small gas wash-bottle ending in a long 
tube for downward displacement. 

'riiough by comparison with the preceding one this experiment makes 
greater demand on apparatus and experimental skill, it should not bo 
ilifhcult to tlcmonsti’ate the point at issue; and it has the additional 
advantage and interest of supplj-ing incidentally an illustration of the 
‘contact method’ for the production of sulphuric acidS a process the 
commercial impoi’tancc of which has gi'own so iiipidly of late as to make it 
a serious rival of the lead chamber process. 

1 Newth, Inorganic Chemish'y, 1907, p.432; Molinari, General and Industrial 
Inorganic Chemistry, pp. 276 et seq. 
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(i) Use the commercial oxygen from a cylinder, or specially prepare 
some by the action of water on sodium peroxide, and store for use in 
an aspirator as follows (see fig. 29). 

With D placed so as to connect b and c, fill E and all the connecting 
tubes up to Z> with water by niising F. Place D so as to connect a and c, 
and stm t the evolution of oxygen by letting water from C fall drop by drop 
on to the peroxide B. The pneumatic 


trough can be used to indicate the expul¬ 
sion of the air, the volume of gas coming 
off being actually measured by filling a 
cylinder a certain luimbcr of times and 
roughly estimating its volume relatively to 
that of A. When a volume of gas at least 
3 times as great sis that of A has escaped, 
we may assume that the oxygen is free 
from air. 

Place D so as to connect a and h ; put 
F, which at the beginning should contain 
very little water, on the same or a lower 
level than E, when the oxygen evolved in A 
^\^ll drive (n’er the water from E into F. 

(ii) Procure the gas fi’om one of the 
commercial syphons, or prepare it as re¬ 
quired by the action of dilute sulphuric 
acid on crystals of sodium bisulphite (see 
fig. 23, p. 98); collect either over mercury 
or by downward displacement of air. 

(iii) Make a mixture of the two gases, 
either by successive collection over mer¬ 
cury or by bringing together two cylinders 
covered with plates, withdrawing the plates, 
and effecting mixture by inverting the 
cylinders several times (fig. 30). The 



Fig. 30. 


student should aiTange the sequence of the tests enumerated in the table 
(p. 117) so as to use the same sample for as many different puri)oses iis 
possible, and thus to minimise the number of fresh lots of mixtm’c ^vanted. 

(iv) The apparatus depicted in fig. 31 will be foimd suitable for the 
purpose of subjecting a mixture of oxygen and sulphurous anhydride ti» 
the action of heated platinised asbcsto.s. Accepting the result of inve.sti- 
gations by which it has been proved tliat in such reaction as occurs the 
platinum and asbesto.s remain unchanged, we can proceed thus. With the 
condensing vessel detached, and adjusting the rates at which the two gjise.s 
bubble through the concentrate*! sulphuiic acid so as to make them about 
equal, no effect is ob.served as long as the platinised asbestos remains cold ; 
Jis soon as heat is applied, white fumes issue at the open end of Z>, indi¬ 
cating the occuirence of a cliemical change ; E is tlieii attached, and the 
reaction allowed to gf» t»n until an amount of white crystals has been deposite*! 
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presumably sufficient for the purposes of the tests to be done with them. It 
is desik*ablc to attach to a tube to lead uncondensed fumes into a vessel 
containing water. 

Apparatus for the passing of a mixture of oxygen and 
sulphurous anhydride over heated platinised as¬ 
bestos. 





A. Supply tube for oxygen. 

B. Supply tube for sulphurous anhydride. 

C. Concentrated sulphuric acid for drying the gases and showing the rate at 
which they are delivered. 

D. Bulb holding the platinised asbestos, which can be heated when the flow of 
the two gases has been started. 

E. Keceiver surrounded by freezing mixture for the condensation of the sub¬ 
stance produced in the bulb. 

The table given on p. 117 summarises the tests and the 
results of these by which the difference of the relation of (i) 
and (ii) to (iii), and (i) and (ii) to (iv) respectively is brought 
out. 

(6) Analysis. Examples are supplied by 
(1) A number of technical processes: 

(i) River water is freed from suspended solids by filtra¬ 
tion through beds of sand; (ii) magnetic iron ore is picked 
out by the action of powerful magnets fi’om a previously 
crushed mass of rock ; (iii) native sulphur is separated from 
earthy admixture by applying heat and letting the molten 
sulphur flow away; (iv) by the slow cooling of melted beef or 
mutton suet and removal of the constituents of higher melting 
point which solidify first, a product is obtained which is used in 
the manufacture of margarine; (v) gold dust is separated from 


comparative study of certain properties of (i) oxygen, (ii) sulphurous anhydride, 
(iii) a mixture of these gases, (iv) the same mixture after it has been passed over 
heated platinised asbestos and then collected in a vessel surrounded by a freezing 

mixture. 
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river sand by Svashing/ (vi) wheat from chaff by ‘'winnowing’; 
the last two are mechanical processes in which the lighter 
constituents are removed and the heavier retained. 

^ ^ The comparative study of air and nitrous oxide. 

Tliese are two gaseous substances wliich by suitable means 
can be resolved into the same constituents, viz. oxygen and 
nitrogen, but whicli exhibit marked typical differences under 

each of tlie headings enumerated at the beginning of this 
chapter. 

(i) The resolution of air into its constituents is a process 
which technologically has become of very g^eat importance 
because of the industrial utilisation of each of tlie gases ; 
oxygen being used extensively, together with hydrogen or 
acetylene in the melting and welding of metals, for the pro¬ 
duction of ozone on the commercial scale, in the 2 >reparation 
of synthetic nitrates and nitric acid, and for medical purposes; 
nitrogen being used in large quantities in the production of 
synthetic nitrates, nitrites, cyanides, ammonium compounds, 
etc., which are needed in the manufacture of fertilizers, 
explosives, fine chemicals and drugs, for obtaining gold from 
its ores, etc. The student is recommended to read the account 
of the various methods employed, in Thorpe’s Dictionary of 
Ai)pliidChemi>itry ChemistripYoX. i (Inorganic), 

paying special attention to the division of these methods into 
two classes : one which makes use of physical processes, e.g. 
<lifferences in volatility or in solubility; and another which is 
chemical in nature, and in which substances possessed of great 
affinity for it are made to combine with the oxygen, leaving 
behind the nitrogen, the o.xygen being in some cases sub- 
se<iuently regained. In the evaporation of liquid air the 
nitrogen boils off first (J5.P. — 195*0® C.), leaving behind a 
liquid which as it becomes richer and richer in oxygen (B.P. 
— 192*5® C.) assumes more and more of a blue tint; cocoamit 
charcoal cooled by means of a bath of liquid air absorbs the 
oxygen much more readily than the nitrogen, and on removal 
from the bath gives up this oxygen nearly pure ; copper 
heated in air coinijletely absorbs the oxygen {antCj p. 99), 
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and so does ferrous hydrate in the cold ; Lavoisier, in his 
complete quantitative synthesis and analysis of mercury calx, 
regained the oxygen from the calx by heating it to a tempe¬ 
rature higher than that at which it had been formed {antCf 
p. 3) ; in the Brin process air is led over heated barium 
oxide, which combines with the oxygen to form a higher 
oxide, from which the oxygen is again liberated by raising 
the temperature or lowering the pressure. 

Careful comparative study of air and the two constituents 
into which it can be resolved by the means above enumerated 
shows that in every respect, physical and chemical, the pi’oper- 
ties of the complex substance are additively those ot the 
components: that air retains and exhibits the properties of 
both the oxygen and the nitrogen in proi)ortion to the amount 
of each present. Thus the power of air to support combustion 
is intermediate between that of nitrogen, which extinguishes 
a flame, and oxygen, which re-kindles a glowing splint. Again, 
oxygen being nearly twice as soluble in water as is nitrogen, 
when air is acted upon by water each of these gases is absorbed 
according to its own coefficient of solubility S as shown by the 

1 The advantage of making the investigation of a quantitative property the 
final criterion in the interpretation of chemical phenomena is well shown hy 
the results of a determination of the solubility in water of the various gases 
under consideration. The calculation of the solubility of a gaseous mixture of 
known composition is made on the basis of: (1) Henry’s Law (1803), which pves 
the relation between solubility and pressure, and which asserts that the volume 
of gas absorbed by a liquid is directly proportional to the pressure of the gas, 
and (2) Dalton’s Law of Partial Pressures (1805), which gives the relation 
between the volume composition of a gaseous mixture and the pressure, and 
which asserts that each gas contributes towards the total pressure an amount 
equal to the pressure which it would exert if it occupied the whole space. 

SolubiUty in water at ao"* (i.e. volume of gas reduced to 0®C. and 
760 mm. absorbed by lOO volumes of water wtoen the pressure 
of the gas Itself amounts to 760 mm.) of 
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fact that the gas expelled from water by boiling is richer in 
oxygen than is air’. 

(ii) The same line of investigation followed out with the 
gas called nitrous oxide (discovered by Priestley in 1772) 
brings to light the following facts: Nitrous oxide is an ex¬ 
cellent supportc?!* of combustion, in this respect not very 
inferior to oxygen itself, and when carbon or phosphorus or 
certain metals {c.g. potassium) are burned in it, the result is 
the production of: (a) a substance identical with that obtained 
by burning in air or in oxygen, and (;S) a gas apparently 
identical- with the nitrogen left behind when air is used as 
the supporter ot combustion. But though thus shown to be 
made up of the same constituents as air, viz. oxygen and 
nitrogen, nitrous oxide is fundamentally different from air: 
when licpiefied (b.p. -89‘8 O.) or solidified (m.p.- 103-7°C.) the 
whole mass changes back to gas or liquid at one definite 
temperature, and when absorbed or dissolved it is acted upon 
as a whole {(tute, p. 119); again, whilst on the one hand it has 
lii’operties wliich are not possessed by either of its constituents, 
e.g. produces unconsciousness when inhaled-', on the other 
hand certain of the properties of the constituents are absent, 
e.g. tlie colourless gas nitric oxide, when mixed with oxygen, 

* The carbon dioxide, which represents by far the greater part of the 
volume, must of course be removed first. For a description of an experiment 
on the analysis of the pas expelled from water by boiling, see Clowes and Cole¬ 
man. Quantitative Analysis, lOth ed., 1914, p. 409. 

- The residual gas obtained after substances have been burnt in air contains 
argon. 

^ This property of nitrous oxide was discovered by Humphry Davy in 1799. 
He clearly foresaw the use of the gas as an anaesthetic: 

“As nitrous oxide in its extensive operation appears capable of destroying 
physical pain, it may probably be used with advantage during surgical operations 
ill which no great effusion of blood takes place,” 

but his account of hi.s sensations after inhaling it is more concerned with its 
psychological than its physiological effect: 

“By degrees...! lost all connection with external things; trains of vivid 
visible images rapidly passed through my mind, and were connected with words 
in such a manner, as to produce perceptions perfectly novel. I existed in a 
world of newly connected and newly modified ideas: I theorised, I imagined, 

I made discoveries.” 

On another occasion, witli a view to seeing whether the gas would increase 
his stock of the divine afflatus, the poet-philosopher deliberately inhaled some 
on the banks of the Avon by moonlight! The resulting effusion was, however, 
hardly of a quality to encourage him to repeat the experiment. 
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eithei* pure or in the diluted form of air, gives a red gas easily 
soluble in water, but no such eftect is produced on mixing it 
with nitrous oxide. 


(3) Production of silver from (i) argentiferous lead, 
(ii) silver chloride. 

(i) Argentiferous lead is produced either in the reduction 
to metal of argentiferous galena (native lead sulphide) or in 
the extraction of silver from silver ores by means of smelting 
with lead, in which process the silver is reduced to the metallic 
state and then dissolves in the excess of lead forming an 
alloy. Various methods are employed industrially for the 
‘ desilverisation’ of the lead alloy, which in this case means 
production of the pure silver. Amongst these are some which 
make use of the fact that in the alloy each of the metals 
retains its own characteristic properties. Thus lead, which 
has a lower melting point than silver, crystallises out first 
from the molten mass, and if removed leaves behind a liquid 
richer in silver; a repetition of the process produces greater 
and greater concentration of the silver; and if a physical 
property of the resulting alloys, such as, say, the density, be 
measured, it will be found to vary with the composition. In 
fact the alloy, the comidex substance containing lead and 
silver, exhibits the properties of the constituents : e.g. me¬ 
tallic lustre, resistance to the action of hydrochloric acid, 
solubility in nitric acid, etc., etc. and is in this respect funda¬ 
mentally different from a compound of silver such as silver 
cldoride. 


(ii) Silver chloride. This substance has been the subject 
of a qualitative and quantitative exi»erinient iix the preceding 
chapter; the results there described show the relation of its 
properties to those of its constituents, and that they are 
entirely different from the properties of metallic silver, which 
can be isolated from it only by a chemical change. 


2. Use of the data above obtained to subdivide complex 
substances into mixtures and compounds. 

The results of the two methods of investigation dealt with 
lead to the same inference concerning the nature of coinple.x 
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substances, namely the existence of two classes, according to: 

(i) the relation between the properties of the complex and 
those of its constituents, i.e. whether the properties of the 
complex substance are or are not additively those of the 
constituents; (ii) the means applicable for the resolution of 
the complex substance into its constituents, Le. whether each 
of the differences in the properties of the constituents can or 
cannot be made a means of separation. Mixtures and com¬ 
pounds are the names distinctive of the two classes of complex 
substances thus differentiated. 

Alixtures have the characteristic properties which differen¬ 
tiate the lieterogeneous agglomeration of iron and sulphur 
from the homogeneous iron sulphide ; which differentiate the 
homogeneous gas air from tlie homogeneous gas nitrous oxide. 
\\e found that: (i) the properties of the complex substances 
iron -I- sulphur, and air are additively those of the comijonents. 

(ii) The differences in the properties of the components— 
wliether physical or chemical—supply a means of resolution. 
Tlie colour of the mixture of iron and sulphur is intermediate 
between the grey of the iron and the yellow of the sulphur; 
the value found experimentally for the solubility of air in water 
agrees with that calculated from the solubilities of oxygen 
and nitrogen and the composition of air. The iron and 
sulphur can be separated by the action of carbon bisuli^hide, 
which dissolves the sulphur, leaving the iron unchanged ; 
liquefied air can be separated into oxygen (b.p. — 182*o''C.) 
and nitrogen (b.p. — 195*;>'’C.) by fractional distillation. 

Compounds are always homogeneous, and taking iron 
sulphide and nitrons oxide as types, we found that the 
properties investigate<l bear no definite relation to those of 
the constituents. The value of any quantitative property is 
not that obtained by calculation from the values for tlie 
components and the amounts of these present; a greater or 
lesser number of the (jualitative properties possessed by one 
or other of the components are not exhibited by the com¬ 
pounds, and vice eersn. The separation into components 
cannot be effected by utilising differences jn physical i)ro- 
j)erties. The jiroduction of iron sulphide (density = 4*84) 
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from iron (density = 7*0) and sulphur (density = 2'0) in the 
ratio of 56 of iron to 32 of sulphur is, as the above data 
show, accompanied by an increase of volume^; the data and 
the calculation given on p. 119 show that the solubility of 
nitrous oxide in water is not onl^’ not intermediate between 
those of its constituents nitrogen and oxygen, but so much 
greater than either as to be of an altogether ditterent order 
of magnitude; dilute hydrochloi*ic acid, which has no effect 
on sulphur, dissolves iron with the evolution of hydrogen, and 
iron sulphide with the evolution of sulphuretted hydrogen; 
whilst free oxygon combines with nitric oxide to form a red 
gas easily soluble in water, the compound nitrous oxide has 
no such effect. Moreover, iron siilpliide cannot be separated 
into its components by the action t)f carbon bisulpliide, 
which dissolves free sulphur, nor can oxygen and nitrogen 
be obtained from nitrous oxide (b.p. — 9U C.) by fractional 
distillation. 


II. Method followed and practical work required in 
recognising an unknown substance as a mixture or 
a compound. 


The next point calling for <liscussion is that of the deduc¬ 
tive application of the principle of classification arrive<l at by 
the inductive process above outlined, that is, consideration 
of the procedure followed in practice, wlien confronted with 
the problem of finding out whether a substance under investi¬ 
gation is a mixture or a compound, which of course involves 
antecedent or concurrent classification as complex, 'fwo 
gi’oups of cases ma^’ arise, corresponding in principle to the 
synthesis and analysis division of the jireceding section. 


A. The constituents are known, and the problem for 
solution consists in finding out whether these substances, 
possessed of known or easily ascertainable properties, when 
put under definite conditions react, losing their own s]»ecific 


, (7-(Ix -.(;) +(20x32) 

^ Culculated density =- 


-5 
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properties and producing a new substance possessed of new 
properties; or wliether they remain in a state of mixture 
which shows additively the properties of the constituents. 
Obviously this problem is identical with that dealt with 
at length in Chapter I concerning the occurrence or non¬ 
occurrence of a chemical change, and everything said there 
is equally applicable here. The question as to whether sub¬ 
stances when brought together under certain conditions form 
a mixture or a compound is merely a verbal variant of “has a 
chemical change occurred or not? ” The following maj’ serve 
as illustrations of the principle followed in investigating the 
result of an attempted synthesis. 

1. Recognition of an organic componnd as saturated or 
ioisaturated hg means of bromine. In the case of investiga¬ 
tions in organic chemistry, a common test consists in the 
ad<lition of a few drops of bromine water, when the dis- 
aijpearance of the characteristic colour of the bi’omine— 
without the evolution of fumes of h^’drobromic acid—indicates 
the occurrence of a chemical change consisting in the absorp¬ 
tion of the bromine due to the unsaturated nature of the 
organic compound. Thus the hydrocarbon methane does not 
decolourise bromine water, but ethylene or acetylene does. 


Experiment XIII. The action of bromine on different types of organic 
compounds. If on athling u few drops of bromine water and shaking, the 
colour of the bromine persists, the inference is tliat the bromine is merely 
jni.\e<l with the original .substance, and that no chemical change has occurred. 


(1) (i) Kill a medium-si/cd gas cylimler hy ui)ward ilisplaccinent with 

coal gas, close with a glass plate and sh.akc with a few drops of bromine 
water ; or make .stune acetylene by the action of water on a scrap of calcium 
carbide (fig. .12): put the carbide into a crucible (or small beaker or tiny 
crystallising ilisli), lower by inean.s of a string or wire into a ghiss cylinder, 
drop on .some ^s■atcl• from a pipette, withdraw the crucible ami test with 
bromine, (ii) I*erh»rm tlic same test with some marsh gas prepared hy 
heating in a liar«l glass test-tuhe a mixture of fu.sed sodi\im acetate and soda 
lime (fig. .11). 


(2) Make solutions of (i) some stearin, (ii) some olein or some cinnamic 
acid. To each aild a few drojis of hroniine water and shake vigorously. 
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Fig. 32. 


A. Crucible containing calcium carbide. 

B. Glass plate for closing cylinder. 



Fig. 33. 


Hard glass tube contaioiDg mixture of fused sodium acetate and soda lime. 
Cylinder to collect marsh gas. 



126 Classification of Complex Substances 


2. Attempts to produce compo^inds of argon and helium. 
Reference has already been made to this subject in Chapter 1. 
The criterion for the absolute inertness of these substances 
was found in the fact that on heating to a very high tem¬ 
perature in the presence of certain substances {e.g. titanium, 
lithium) known to absorb nitrogen, which up to the time of 
the discovery of argon had been considered as the most 
chemically inactive of the gaseous elements, no volume 
change could be observed and the density of the gases pre¬ 
sent remained the same. 

Titanium as jnirc as it was possible to obtain it was heated in an atmo¬ 
sphere of argon to the temijcninirc of the softening of ordinary glass ; after 
30 minutes’ heating tliere was no diminution of volume, and hence no like¬ 
lihood of any eotnbination. Tlie titanium had not changed in appearance. 

Argon heated in presence of lithium does not decrea.se in volume, an<l 
we know that under the same conditions nitrogen rapidly produces a solid 
nitriile of lithium. (Moissan, 1895.) 


B. The constituents are unknown. Instances of this 
class are by far the most frecpient in practice; the problem 
arises in the ‘ luirification of substances,’ a matter of such 
great importance in chemical research that the relative and 
even tlie absolute amount of the time given to it exceeds that 
devoted to any other process. The work takes the form of 
(i) fractionation, i.e. division of the substance investigated 
into portions b}' partial solution, or partial solidification, or 
partial precipitation, or partial volatilisation, or partial dif¬ 
fusion, followed by (ii) a comparison of the j)roperties of these 
portions with each other or Avitli those of the parent substance. 
The establishment of a <lefinite <lifference in the properties of 
the fractions is taken as proof of a resolution into different 
coinixments, aiul consecpiently of the non-homogeneity of the 
substance dealt with. The properties that have been used in 
practice for such comparative investigations are most varied, 
comprising the density, absorption or emission spectrum, 
equivalent weight, melting and boiling x:>oints, etc. 

Sejjaration based on the difference in the rate of difliision 
of the comi)onents of a gaseous mixture, followed by a com¬ 
parison of the densities of the fractions thus obtained, is a 
method of great importance in dealing with gases ; it was 
resorted to by Lord Ray leigh and Sir William Ramsay in the 
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coui*se of their work‘ which led to the detection of argon, but 
whilst it lends itself well to the establishment of non-homo¬ 
geneity, it is not usually suitable for effecting complete 
separation. In the investigation above referred to, diffusion 
was effected hy means of a number of ‘ churchwarden ’ tobacco 
pipes contained in an outer vessel in which a partial vacuum 
was maintained. The atmospheric nitrogen was allowed to 
pass slowly through these porous pipes and was collected in 
a vessel in which its density could be determined. In two 
experiments it was found that if the gas were i^laced under 
conditions favourable to the removal by dittiision of any lighter 
constituent, the weight of a certain volume of the residual gas 
exceeded by 3*7 and 3'3 mg. respectively the weight of an 
equal volume of the original gas, results which were tlius - 
interpreted : 


The conclusion seems inevitable tliat ‘atmosplicric niti 
aiul not a sim])le body. 


IS a luixturc 


Fractional crystallisation is probably the process most 
widely used in the purificatioii of salts and in the recognition 
of a substance dealt with as a mixture. The purification of 
potassium chlorate, i.e. the separation of the chlorate from 
the chloride mixed Avith it {ante, p. 01), is a case in point, and 
so is the removal of almost pure lead from argentiferous lead, 
X’eferred to on p. 121. Wlien the quantities of the substances 
to be separated are not very different from tme another, and 
the solubilities are nearly equal, the process of separation 
becomes a very laborious one, especially if, as is often the 
case, it is necessary to obtain each of the constituents in a 
state of purit}'. If all that is required is the isolation in the 
pure state of one of the constituents, considerable simpli¬ 
fication is possible, since the fractions containing the other 
constituents may be rejected. Madame Curie’s isolation of 
radium chloride in 1903 is an instance of the second type of 
case, the fractions rich in barium being rejected, without the 
necessit}' of freeing them absolutely from any radium salt. 
The presence of a substance possessctl of the then new 
property of radio-activity having been demonstrated, its 


* See Suturi', 61, p. 347. 
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separation from the barium with which it was associated, the 
amount of barium being vastly in excess, was effected by some 
thousands of fractional crystallisations of the chlorides, first 
from water and then from dilute hydrochloric acid. 

Beautiful crystals form., .and the supernatant saturated solution is easily 
decanted. If part of this solution be evaporated to dryness, the chloride 
oV)taincd is found to be about 5 times less active than that which Inis crystal¬ 
lised out. The chloride is thus divided into two portions, A and B —portion 
being more active than portion B. The operation is now repeated with 
each of the chlorides A and .S,and in each case two new portions are obtained. 
When the crystallisation is hnished, the less active fraction of chloride A is 
added to the more active fraction of chloride these two having approxi¬ 
mately the same activity. Thus there arc now tliree portions to undergo 
afrc.sh the same treatment. 

The number of portions is not allowed to incre.ose indefinitely. The 
activity of the most .siduble portion diminishes as the number increases. 
When its actirity becomes inconsiderable, it is withdrawn from the fi*actiona- 
tion. 

An instance of a case of the first type is afforded by the very 
extended fractional crystallisation resorted to in the separa¬ 
tion from each other of cerium, didymium and lanthanum, 
elements belonging to the class tei’med * rare earths.’ This 
is a series comprising elements which resemble each othei* 
very closely, the properties of one merging by extremely small 
differences into those of the next ; they are of interest both 
on the theoretical and the practical side. The theoretical 
interest is associated with their position in the periodic table, 
and their practical importance dates from the year 1884, when 
a patent was taken out, the first of that long series repre¬ 
senting the development of the incandescent gas mantle, the 
elticienc 3 ’ of which depends on the presence in vary'ing amounts 
of dilferent oxides of the rare earths. The actual separation 
of the different members of the rare earth series fi'Oin each 
other is effected by fractional precipitation, or fractional 
decomposition of the nitrates, or fractional crystallisation. 
For fractional jirecipitation, solution of a base such as am¬ 
monia or potash is added to the solution containing the rare 
earths in an amount insufficient to produce complete precipi¬ 
tation. The two portions obtained, the precipitate and the 
mother liquor, contain the rare earth compounds in different 
amounts. The composition of the precipitate will depend 
directly, an<l hence that of the mother liquor indirectly, on 
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what is called the strength of the oxides, Le, the relative 
tendency the elements possess to form the hydrates, as 
measured by the relative amount of the ammonia or potash 
which each secures in the competition for a share in an 
amount insufficient to precipitate them all. The precipitate 
is then dissolved, and spectroscopic examination of each of 
the two portions is used to decide whether there has or has 
not been a resolution of the original substance. If this is 
found to have occuiTed, and the production of pure substances 
is required, the process is repeated until after further frac¬ 
tionation the spectrum is unaltered. In the method of 
separation by fractional crystallisation, the salts w'hich have 
been used most successfully are the nitrate and oxalate, but 
others such as the formate, bromate, acetoacetate liave also 
been employed; it is a case of finding by trial tlic special acid 
whose salts wdth the various rare earths show the greatest 
differences in solubility. 


Experiment XIV. The differential decomposition of nitrates by means 
of heat may be used to show that a silver coin is a mixture of at least two 
metals. 

Dissolve a threepenny-piece in dilute nitric acid, evaporate the blue 
solution in a small porcelain dish ; when dry i>lace on a deep sand bath aiul 
heat carefully until no more fixmes appear. Extract a small jan-tion <.>f tlie 
black mass obtained with hot water; if tlic solution still shows any trace of 
blue colour, heat the bxilk some time longer. When by sxxccessive testing 
there has been demonsti’ated the comploto change into an iiisohible black 
residue of the constituent to which was <lue the blxxe c<>hmr of the solution, 
extract the whole mass uith water, and evaporate the extract nearly to 
dryness. A white X'csidxie will be left, identical in its pxoperties with silver 
nitrate, the substance obtained by tlie solution of pure silver in nitric acid. 


Experiment XV. Fractional distillation ami fractional crystallisation. 

(1) Fractional distillation. 

Any of the illustrative experiments suggestc<l in thcdillcrent text books 
on organic cbeinistry will serve the i)urpose. The st(*ck exainples deal 
with; the separation of alcohol (b.i*. 7S'3°C.) fr«»in admixed \v:iter (irr. lOO’C.) ; 
the purification of ci’iide benzt*ne; the separation into its constituents of a 
mixture of benzene (b.p. 80 4X\) and .xylene (b.p. 14()'’C.). Hiice ami Twiss, 
A course of Practical Ort/anic Chcmislri/^ ‘ijul ed., 1014. p]). SO ct .sw/. ; 
J. B. Cohen, Practical Organic C/temist r;/fa' A^lcath'cd Stihlcnts^ 1004, 
pp. 120 seq. \ Sudborough and James, Prwtirul Organic Cltcmistrg, j)p. 8 
et seq.) 


F . c. 
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The salient point of the technique is to distil at a regulai* speed, collecting 
in separate vessels the distillate coining! over at different itiuges of tempe¬ 
rature, between every 2°, or 3“, or 5“, oi* 10^, as may appear suitable fi-om 
the original volume of liquid and the quantities collected. A label is 
affixed to each fraction indicating the range of temperature within which 



Fig. 34. 

Apparatus for Fractional Distillation. 

A. Thermometer. 

B. 4 pear fractionating column. 

C. Flask containing liquid to be 
fractionally distilled. 



Fig. 3o. 

Melting point apparatus. 

A. Thermometer. 

B. Very small thin glass tube con¬ 
taining the substance whose melt¬ 
ing point is to be determined. 

C. Flask containing a liquid which 
can be heated without boiling to 
well above the melting point it is 
required to determine (eono. sul¬ 
phuric acid is generally used). 


it has been collected. The fii*st of these fractious is then re-distilled mitil 
tlic higher limit of temperature at which it previously came over is reached, 
when the ue.xt is added to the residue in the distilling llask; the distillation 
is continued till the higher limit of temperature at wliich the second fraction 
came over is reachc<l, when the third ijortion is added, and so on. If hy 
the addition of any portion to a residue a fmetion is obtained boiling at a 
lower temperature than that reaeheil in the process of fr.actionating the 
previous portion, it is added to tlic fraction to which from its boiling point 
it belongs. 
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(2) Fractional crystallisation. 


Illustrative experiment. The partial separation of the acids of whicii 
common soap is a mixture of the sodium salts. 

Dissolve about 15 grams of ordinary soap in hot water; add hydro¬ 
chloric acid, thereby liberating a mixture of so-called ‘ fatty acids/ which 
rises to the surface as an oil and solidifies on cooling ; the hydrochloric acid 


used should contain about one part of concentrated acid to one of water, and 
should be added until present in excess, as shown by the action on the 
liquid of litmus paper (fatty acids have no action on litmus under these 
conditions). Collect the solid that has separated out, drain and dry it 
and find its melting point (fig. 35). Recrystallise from hot alcohol (methy¬ 
lated spirit will do) and repeat the process until the solid seiiarating out has 
a constant melting point 

By the process of fractional crystallisation outlined above, the stearic 
acid has been separated from the other two constituents of the mixture in 
a pure condition, as is indicated by the constancy of the melting point. 


Acids liberated ft*om soap by the action of hydrochloric 
acid (or sulphuric acid) in excess on the aqueous 
solution of soap. 

Summary of results. 

Melting point of 

1 II Solid after crystallisation from hot alcohol 



Solid thus 
obtained 

1 

1 1st crystalli¬ 
sation 

I 

1 

2nd crystalli¬ 
sation 

3rd crystalli¬ 
sation 

Student A 

45'^ - 52= ^ 

1 05= 

07= 

1 07= 

.. B 

59- 

1 05= 

OS-5= 

0S'5= 

M C 

1 below 50= 

02= 

69= 

09' 


The substance rising to the top when soap is treated with 
hydrochloric acid is a mixture of three acids, \ \'l. : Palmitic 
acid, M.P. G2'’C. ; Stearic acid, m.p. C^XC. ; Oleic acid, m.p. 14°C. 

When the object of the rccrystallisation is a separation as 
complete as pos3ible,with retention of each of the components, 
the process must of course be modified so as to take within 
the compass of the work the solute contained in the motlier 
liquor, which is done by evaporation in stages and collection 
of the successive fractions of solid separating out. The scheme 
reproduced from*Stewart, Recent Aiirttnecfi in Rinjsical and 
Inonjauic Ciiemhtnj^ makes this clear. 


9—2 
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Original solatlon 


Less soluble 
(crystals) 


More soluble Less soluble 


Less More Lees 

soluble soluble soluble 


(I) (11) (III) 

The brackets indicate that two fractions have been mixed 
together before recrystallisation. 

A glance at the scheme will show that we are accumulating 
the more soluble salts at (I), the salts of intermediate solu¬ 
bility at (II), and the least soluble salts at (III). 

III. Classical researches undertaken, with the object 
of recognising whether a special substance is a 
mixture or a pure substance. 

Rayleigh and Ramsay’s resolution of atmospheric nitrogen 
by atmolysis is a case in point that has already been dealt with, 
pp. 12G—127. 

1. The resolution of didymium. 

J)id 3 'iniuin, a substance closely allied to cerium and lan¬ 
thanum, from which it was first separated in 1841, was in 
1885 shown by Auer von Welsbach to be itself a mixture. 
B 3 ’ long-continued fractional crystallisation of the double 
salt ainmonium-didj’inium nitrate he obtained two portions 
which he named respectively praseodj’mium and neodymium, 
and which differed not only in the colour of their salts (green 
and red) but also in their spectra. Later workers claimed to 
have found indications of the presence in didymium, not of 
two but of as man}’ as eight different elements ; these results 
have however not been confirmed, Deniar^ay for one having 
claimed the establishment of the homogeneity of neodymium. 


More soluble 
(mother liquor) 


More soluble 


Less soluble 


More 

soluble 


Less 

soluble 


More 

soluble 
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I subjected a considei-able quantity of didymium oxide, purified from 
lanthanum and cerium, to a series of fractionations. 

...a double niti*ate[was obtained] which...no longer showed a trace ol the 
principal praseodymium band. Tliis nitrate was the starting-point for a 
fresh series of fractionations....! thus obtained more than *20 successive 
portions which from all points of view exhibited tlie most complete identity. 
...These portions.have the same absorption spectrum with the same in¬ 
tensity. Not tlie slightest difference can be detected in any of the hands. 

Hence I conclude that...neodymium is a .simple suh.staiicc and not a 
mixture of elements. (Demargay, 1898.) 

This research is of special interest because it supplies 
as good ail example as any we can get of the relationship 
between pure science and applied science, the absurdity ot 
considering from the outset ‘ utility ' as the important factor 
in the direction given to study and research, the impossibility 
of foretelling the scope of the practical application ot any 
addition to knowledge. 

To the laboratory of Bunsen there came Karl Auer von ^\clsbach in the 
spirit of an unalloyed philosopher, eager to solve some problems about the 
group of chemical elements that seemed of all the most remote trom aii\ 
daily liumau nectls. He noticed the remarkable glow ot the niixcd oxule.-s 
when a flame impinged on them, and so begat the mantle....n hole wtuikl 
tlie gas industries of to-day be without tliis wiudtall irom the tyee of scien¬ 
tific knowledge ? (A. Smithells, I'Jll.) 


2. The discovery of neon, krypton and xenon. 

When in 1895 Lord Rayleigli and Professor Ramsay had 
shown the presence in air of about one per cent, of a hitherto 
unknown constituent, to which the}' gave the name unjon, the 
question soon arose as to what the complexity of air reall\ 
was, and whether the addition of a thinl constituent to the 
two that had been known for more than a century completed 
the tale or not. It was to be expected from the known 
values for the densities of air, oxygen and nitrogen, that tlie 
amounts present of any unknown gas could be but small, and 
also that in the light of the newly acipiired knowledge con¬ 
cerning argon, it would not be possible to ettect a separation 
by making use of diflerences in chemical attinities, as is 
done when the oxygen is first withdrawn by the action of 
hot copper, and then the nitrogen by the action ot hot mag¬ 
nesium. 

Ill 1896 the gas occluded in the mineral cleveite and 
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liberated from it by boiling with sulphuric acid was inves¬ 
tigated by Ramsay, who found its spectrum lines—chief 
amongst which was one in the yellow, near the sodium line 
but not coincident with it—to be different from those of 
argon or of any other known gas, but identical with those 
which had on several occasions been observed in the chromo- 
si>here of the sun during a total eclipse, and which had been 
assigned to an element terrestrially unknown and named 
helium (»7\fc09 = the sun). The density of the new gas re¬ 
ferred to liydrogen was found to be 2, and it resembled argon 
closely in that it was chemically quite inactive and mon¬ 
atomic ^ Here, then, were two elements belonging to a 
new class, for which a place had to be found in the Periodic 
Table-; a new column was therefore inserted, called Group 0, 
thus: 


Group 0 

Group 1 

He 

Li 


7 

■> 

Na 


23 

A 

K 

40 

39 

•> 

Rb 

> 

Cs 
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Rut this addition involved gaps for an element inter¬ 
mediate between helium and argon, and for others of higher 
atomic weight. A s^’stematic search was therefore made (a) 
for a chemically inert gas whose relative density//=i should 
be intermediate between 2 (helium) and 20 (argon), and 
;6> for others, also chemically inactive, of density greater 
than 20. The search has been thus described : 


There IS SI provorh about looking for a needle in a haystack; modern 
science, with the aid of suitable magnetic appliances, would, if the reward 
were sidlicicnt, make short work of that proverbial needle. But here is a 
.supposed \niknown ga.s, endowed no <loubt with negative properties, and 
the whole world to find it in. 


^ Stu€ltf of Chemical Composition, p. 498; Newth, Inoy^ganic Chemistry,- 
pp. "267 ct csv;/.; Ost^^ald, Principles of Inorganic Chemistry, 4th ed., 1914^ 
p. 403. 

‘ Stuily of Chemical Composition, pp* 497 et scq.i Newtb, IbuL, Part I, 
ch, xir. 
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The substances first investigated were minerals, mineral 
waters and meteorites ; helium obtained from various minerals 
was tested for its homogeneity by difinsion, but without much 
result. 

...the systematic diffiisit)n of argon, however, gave a faint indication of 
where to seek for the mi.ssing element, for the (Icnsity of the inore rapidly 
diffusing portion was 19'93, while that of the portion whicli tUffused more 
slowly wjis 20'01. 

But Avhen the proportion of the constituent wanted i.s 
low, and Avhen moreover the absolute quantities available 
are small, separation by diffusion cannot be made complete. 
The successful issue of Ramsay’s search was due to the fact that 
just then the technical means for the production of liquid air 
and licpiid hydrogen in considerable (piantity were perfected, 
and it was thus made possible to apply the method of fractiona¬ 
tion to the liquids obtained by cooling to a very low tempera ¬ 
ture the gases whose complexity was to be investigated. 

...on distilling liquid argon, the first portions of gas to boil off were 
found to be lighter than argon, and on allowing liqui«l air to boil slowly 
away, heavier gase.s came off at the la.st. 

...It was easy to I’ocoguisc the gase.'j by help of the spectroscope, foi‘ the 
light gas, to wlifch we gjive the name neoHy or ‘tlie new one,’ when electri¬ 
cally excited emits a brilliant Hame-col<mre<l light; and one of the heavy 
gase.s, which we calleil kt'tjpton^ or ‘the hiilden one,’ is characterised by 
two brilliant lines, one in the yell<nv and «)ne in the gi*een part of the spectrum. 
The third gas, named .renon, or ‘the stranger,’ give.s out a greenish-blue 
light and is remarkable for a very complex spectrum, in which blue lines 
are conspicuous. 

The neou obtained from the atiuosidiere showed lines 
belonging to the spectrum of helium, the presence of which 
gas in the air Avas thus demonstrated. On fractionating 
liquefied air the more A^latile iHu tion, after removal of the 
nitrogen and traces of oxygen itresent, consi.stcd of helium, 
neon and argon. 

...the mirificatitm from argon...a lengthy process...was accompHslictl i)y 
repeated (Ustillation, tlic lighter portions l»cing always collected .separately 
from the licavier portions and again distilled by tlicnisclvos. 

The final separation of the neon and Iteliiim, neither of 
Avhicli could be condensed by licpiid air, was efiected by frac¬ 
tional distillation at the temperature of licpiid hydrogen. 

...while neon is practically non-volatilc when cooled by li([viid hydrogen 
remaining in the .state of solid or liquid,...the ga.'C<ms helimii coiihl bo 
pumped away from the iion-gaseou.s neon, and the latter was obtained in a 
pure state. 
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The other two new gases, krypton and xenon, which, as is 
shown by their production from the residiie of liquid air, are 
the most easily condensable constitutents, were separated by 
another long and tedious process. 

... when most of the argon had been removed, the residue solidified: 
but while It was possible to remove the krypton by pumping,...very little 

tempei-ature xenon is liardly at all 


The properties of the gases thus sei>arated were then 
investigated ; the chief of the results obtained are set out in 
the following table: 



1 « 

DensityBoiling Point 

1 

Melting Point 

Amount in c.c. 
presentin llitre 
of air 

Helium 

1-98 1 -268-0® 


0*001 

Neon 

10-02 '■ -240® 

- 232® 

V VV/ & 

0*01 

rv itrogeii 

13-90 j -19-3-.5® 

-213® 

709*500 

Oxy^;en 

1.5-88 -182-.5® 

-223® 

206 *594 

Argtin 

19-78 ■ -18G-1® 

- 187*9® 

9*37 

Ivrjpton 

41-12 1 -151*7® 

- 109® 

0*001 

Xenon 

04-59 - 109*1® 

-110® 

0*00005 


Thus within an extremely short time there was demon¬ 
strated the presence in air of five new elements. Is there 
any likelihood of this number falling short of the reality? 
The extremely small quantities of krypton and xenon found 
show that if gases of greater density should be present, this 
can only be to an almost infinitesimal amount, and a special 
researcli has actually revealed the limiting value. 

•210 c.c. of .venou were obtained from 119 tons of air. 


I he .xenon, aftei- being sparked with o.xygen, wa.s fractionated....Both 
the or«linary and the .sj)ark spectra of [the]*tvvo last fractions [j c.c. each] 
were phot(»gi-aphed and compared on the .same plate with the spectra given 
by tbe first fractionation at the opjio.site end of the scries. The lines 
obtained from tbe 3 samples of gas were identical.... 

The results t)btained indicate that if a stable clement heavier than .xenon 
doe.s e.xist in the atmosphere, the volume i^resent compared to that of .xenon 
is e.xtremcly small. As at least 10 7o new gas could probably have been 
detected in the spectra examined, therefore 0 03 c.c. of such a gas could 
have been detected. As this existed in 100 tons of air it represents 1 part 
ill 2,."><30,000,000 by volume. (Moore, 1908.) 


3. Establishment of the homogeneous nature of helitun. 

The homogeneous nature of helium was proved by its dis¬ 
coverer by' the use of the method of diffusion, ^yorking with 
the gas obtained from cleveite. 
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...it was found possible to sepamte helimn into two portions of diflerent 
i-ates of diffusion, and consequently of different density, by tins means. 
The limits of sepai-ation, however, were not very great. On the one hand, 
we obtsiined gas of a density close on 2*0; on the other, a sample ot density 
2*4 or thereabouts....The de'nsity of the lighte.st portion of these gases was 
1*98; and after other 15 diffusions, the density of tlie lightest portion had 
not decreased....This substance, forming by far the larger part of the whole 
amount of the gas, in\xst, in the present state of our knowledge, be regarded 
as pure helium. 

4. Establisliment of the homogeneous nature of tellurium. 

Between 1869 and 1871 the German Lothar Meyer and 
the Russian Mendel^eff propounded a principle of tlie classi¬ 
fication of the elements which makes every property ot the 
elements and their compounds a pei*iodic function ot their 
atomic Aveights, and which under the name of the Periodic 
System or Periodic Table has become the chemist’s most 
effective tool in the correlation of old and the sj’stematic 
addition of new knowledge \ Considering the enormous 
scope of the system, and the wonderful harmony revealed by 
its application to the classification of almost innumerable 
facts, it is strange that the number of anomalies, Avhich no 
doubt represent cases as yet imperfectly understood, should 
be so small. One such anomaly is furnished by the relative 
position of iodine and tellurium. From its relationships 
Avith sulphur and selenium, tellurium should come before 
iodine ; but its atomic AA'eight is greater than that ot iodine. 


N 

0 

F 

1401 

10 

19 

P 

s 

Cl 

31-04 

32-07 

35-40 

As 

So 

Br 

74-;iG 

79-2 

79-9-2 

Sli 

Te 

I 

120-2 

127 5 

126 92 


Here is an anomaly AA’hich calls for an explanation, and 
the obAuous one Avould seem to be that the sub.staiiec named 
tellurium is not simple, but a mixture of at least tAvo elements, 
one of atomic weight about 128, and another of atomic Aveight 
about 125, the true tellurium. During the last 20 years 

^ Newtli, Inorganic Chemintnj, 1907, Part I, pp- H- Study of 

Chemical Composition, pp. 454 ct seq. ; O-stwald, I^rincijilcs oj Inorganic Vhemi.-itry, 
4th ed., 1914, pp. 794 et seq. 
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numerous attempts have heen made to decide the question 
as to the elementary nature of tellurium. Some inve8tigatoi*s 
approached the subject with a bias so strong that it restricted 
their outlook, and made them see in the result of some 
constant error a proof of the resolution they were so eager 
to effect; others who, whatever tlieir theoretical leanings, 
allowed themselves to be led by fact, and who had the skill, 
ingenuity and honesty to detect and eliminate sources of 
constant error in their om'ii and other people’s work, obtained 
results which lent no support to the hj'potliesis of the complex 
nature of tellurium. The last reseai*ch of great importance 
on this subject was published in 190/ by Brereton Baker and 
Bennett*. Six different fractionating processes wei'e einplo^’ed, 
including: fractional crystallisation of telluric acid; fractional 
precipitation of the tetrachloride by water (principle the same 
as that dealt with ante, }). 128) ; fractional electrolysis of the 
tcti’achloride and tetrabromide; fractional distillation of the 
element; fractional distillation of the tetrachloride; and frac¬ 
tional distillation of the dioxide. The various fractions were 
then compared by ascertaining the percentage composition 
ot a certain comj)ound prepared from them. One method of 
comparative measurement consisted in the indirect deter¬ 
mination of the percentage of oxygen in tellurium dioxide 
(corresitonding to sulphurous anhydride), and the concordance 
ot the results obtained is shown by the following example : 


Material obtained by the fractional crystallisation of telluric acid. 

Fraction Percentage of oxygen in the dioxide 


1 

2 

3 

4 


20-0O.5 
20 034 
20 040 
20053 


o 20002 

0 20 044 


In no single instanee was there found any indication of reso¬ 
lution, and the hnul results were summed up in the statement: 

No (liftcrcnce cuulil he distinguished in the situinic weight of tellurium 
when ; 

1. Tellnrie aei<I, obtained by two distinct methods, was fractionally 
crvstallised. 

2. Dariiun tellurate was tlissulvc«l in water. 

> J.C.S. 1007, 91, 1849. 
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3. Tellurium was fractionally distilled. 

4. Tellurium tetrachloride was fictionally distilled. 

5. Tellurium dioxide was fractionally distilled. 

6. Tellurium was converted into the hydride^ which was fractituially 
decomposed. 

7. Tellurium tetrabroinide and tetrachloride were .submitted to frac¬ 
tional electrolysis. 

8. Tellurium tetichloriilo was fractionally prccipitatetl by watei*. 

The atomic weight of tellurium i.s 127*60. 


IV. Recent developments in the technique of the 

purification of gases. 


Till comparatively recently^ quantitative work of the 
highest degree of accuracy could not be carried out with 
gases, because of the extreme ditticulty of producing pure 
material,/.c. removing from the gaseous mixture the last traces 
of the constituent i^resent in small amount which constitutes 
the impurity. Diffusion, valuable as tlie process is for estab¬ 
lishing complexity {ante, p. 12G), does not take ns sufficiently 
far; differences in solubility have in some cases been used to 
gi'eat advantage; the most important of these is the solubility 
of hydrogen in palladium, by means of which the hydrogen, 
which is eventually driven off" from the palladium by the 
action of heat, is completely freed from oxygen and from 
nitrogen. But whilst this represents an isolated case due to 
the specific relationship between hydrogen and palladium, a 
method of general applicability has become available tliroiigb 
the facilities for the production of low temperatures {aiiU\ 
p. 17), and the consequent extension of the methods ot frac¬ 


tional crystallisation and fractional distillation to the solids 
and liquids obtained by the condensation of the gases. The 
purification of the hydrogen chloride used by Gray and Burt in 
their determination of the density of this gas has been reterrcil 
to already {ante, p. *22). Nitric and nitrous oxides supply 
another example. In a subse<iiicnt chapter p. :1U>) it 

will be shown how the accurate determination of the ecpiiva- 
leiit weight of an element, t.e. of the amount combining with 
or replacing the standard amount of the standard element, 


should whenever possible he made by fih'i f't reterence to the 
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standard. AVith oxygen = 16-000 as standard, this involves 
the accurate determination of the composition of a compound 
which contains the element under investigation and oxygen ; 
but though nitrogen forms several oxides, until recently none 
of them had been prepared in a state of sufficient purity, 
and hence only indirect methods were available, involving 
the use of a number of antecedent data. By utilisation of 
the low temperatures now obtainable by the use of liquid air 
it has been found possible to overcome this difficulty; in 
quick succession there have been published determinations 
of the composition (and density) of nitrous and nitric oxides, 
and the results obtained for the atomic weight of nitrogen 
by this method rank in degree of accuracy with the best 
results obtained for solids. Gray’s work^ dealt with nitric 
oxide", llie gas obtained in the usual manner is contaminated 
with nitrous oxide (b.p.-89-8‘*C.,m.p.- 1037'’C. ; for properties 
see ante, p. 120) and nitrogen (b.p. — 195'o‘’C., m.p. - 213°C.). 
The ])urification was accomplished by S 3 -stematic fractionation 
of the litpiid and solid produced b 3 ’ cooling with liquid air, 
llie various steps in the process, and the results of the control 
determinations of the densities of the various fractions are 

1 0»Ay, ‘Atomic Weight of Nitrogen,’ J.C.S., 89, 1005, pp. KJOl et seq. 

Ibis sub^^tauce^ which is a reductiou product of nitric and nitrous acid> is 
obtained by a variety of methods, all of them based on the common principle of 
the action of a reducing agent present ioitially or produced in the reaction, e.g.; 

(i) Action of copper on nitric acid« No hydrogen is evolved, as is usual in the 
action of metals on acids, but some of the nitric acid is reduced to lower oxides 
and even nitrogen, the relative amount of these depending on the temperature 
and the concentration of the acid. If the strength of the acid is suitably chosen, 
nitric oxide is the chief product, but the red fumes which always accompany 
the reaction show the simultaneous formation of higher oxides, which are re* 
moved by bubbling the gas tlirongh water, or, better still, through dilute potash 
(or soda) ; the removal of the nitrous oxide and nitrogen is a much more diflBcult 
mutter, (ii) Action of ferrous sulphate and concentrated sulphuric acid on 
potassium nitrate, (iii) Action of potassium ferrocyanide and acetic acid on 
potassium nitrite. Nitric oxide is a colourless gas, liquefied at — 154^C. aud 
7G0 iiitn. and solidified at —1(57'^ C., soluble in water, easily absorbed by cold 
ferrous sulphate with the formation of a dark compound (principle of dark ring 
test fur nitrates), from which it is liberated again by the action of heat; it unites 
with uncombiued oxygen to form red fumes of the higher oxides, which are 
soluble in water or alkali (use in air analysis). The composition, qualitative 
and quantitative, can be demonstrated by analysis, the action of certain heated 
metals (e.//. iron, nickel) prucluciug the oxide of the metal and nitrogen. 
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contained in the following table, taken from Stewart, Recent 
Advances in Physical and Inorganic Chemistry : 


Crude gas evolved from potass, nitrite, potass, ferrocyanide and acetic acid 

Purified by water and caustic potash 

Fractionated 

. 1 .. . 


Fraction 1 


Density = 
Contains 39 % N 


Fraction 2 
Refractionated 


Fraction 4 
coilected first 


Density =ij|^28 


Fraction 3 

L 11-3509 
Density =1^.352^ 


Refractionated 

Fraction 5 | 

Collected last Last fraction 

„ .1 , 1.3426 = 

DeDS.ty=|j.3jj3 | 


Middle fraction 6 
nearly |)ure gas 

Fractionated into 
density bulb 


Nitric oxide 
absorbed by 
ferrous sulphate 

Gas rekindled 
wood splinter 


Nitrous oxide 


Berthelot has given the very suitable and attractive title 
of La Revolution Chimique to the book in which he tells 
the story of Lavoisier’s work on the nature of combustion, 
work which includes and involves the elucidation of the com¬ 
position of air. The separation of gaseous mixtures into 

new means which low temperature 
research has recently made available may also be described 
as a revolution, and having in this chapter shown how by 
this method the composition of air has been ascertained, it 
will not appear out of place to devote the next chapter to 
the consideration of how the same problem has been solved 
by the use of chemical methods. 



CHAPTER IV 


THE PART WHICH AIR PLAYS IN COMBUSTION 

Various considerations point to the advisability of dealing 
with the phenomena of combustion at this stage. First and 
foremost, the investigation is complementary to that already 
made concerning the effect produced on certain substances 
{e.g. magnesium, iron and copper, sec ante, p. 86) when 
heated in air. Secondly, it furnishes an admirable example 
of tlie method followed in the solution of a diflBcult chemical 
problem, viz.; the logical sequence in a sustained argument 
wliich correlates and interprets certain definite aspects of a 
number of apx)arently vei’y diverse phenomena. And finally, 
there is the great historical interest due to the fact that, 
though the x>licnomena of combustion had for centuries 
attracted the attention of the philosopher, the alchemist and 
the chemist, there have been many doublings back on the 
road of lu-ogress, many excursions up blind alleys, and that 
when success was finally achieved, this was due to an unusual 
combination of circumstances, viz. the concentrated attention 
of the genius of one man and a chance discover}' made by 
another. 

1. Historical. 

The whole stoiy lias been told in isolated form^; special 
sections are devoted to it in every history of chemistry-; and 
portions of it are referred to in almost every text book®. 

* IJertbolot, Lit U^volniion Chiminue. 

Thorpo, in Historical Chemistry ; E. vou Meyer, History of Chem- 

Tliovpc, History of Chcmiisiryy vol. i; Lo%s’ry, Historical Introduction to 
Chemistry^ ch. I2l» 

Newth, Inoryanic Chemistry, 1907, ch. xi, pp. 321, 322; Perkin and Lean, 
Iniroilnclion to Chemistry and Physics, vol. ii, chs. ir, iv. 
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Here no more will be attempted than an indication of the 
chief events and features in the elucidation of one of the 
most important phenomena of nature, a quest which, begin¬ 
ning in dim antiquity, did not reach its goal until the end of 
the eighteenth century. It may conduce to clearness in the 
presentation of the history of combustion prior to Lavoisier 
if we keep separate the discovery and the establishment of 
facts from the attempts made to explain these facts. 

1. The observation goes back to early times that whilst 
certain substances such as wood, sulphur, lead, copper are 
permanently changed when heated, they are in this respect 
different from others, such as sand and gold. The Arabian 
alchemist Geber (second half of the eighth century) knew that 
‘calcination’ requires the presence of air; this fact, as well 
as tl^e correjiated fact that the product of heating the metal 
in air w’eighs more than the original metal, was known in the 
Middle Ages, but—probably OM'ing to the absence of a satis¬ 
factory explanation—it was disregarded and repeatedly re¬ 
discovered. Metals had been obtained from earliest time.s by 
heating their calxes with charcoal, itself a vei*}’ combustible 
substance {e.g. production of tin, Pliny’s cassiteron, from the 
cassiterite, tinstone, found in Cornwall). Stahl p. 147) 

showed in 1718 that the supposed analogy between the burning 
of sulphur and tlie calcination of a metal like lead was justified, 
because, just as the metal could be regained directly bj’ 
heating the calx with cliarcoal, so could the sulphur be re¬ 
gained from sulphuric acid by a process w'hich, though more 
indirect, involved as an important part the heating with 
charcoal. The increase in weight of lead and tin on calciiia- 
tipn was made the subject of a special research by Key in 
10.30. Boyle showed in 1072 that sulphur could not burn in 
an evacuated vessel. Mayow in 1074 remarked that a part 
only of the air supports combustion, because a candle burning 
under a bell-jar goes out while there is still gas present. 
Cavendish in 1700, by the action of dilute oil of vitriol on 
iron, produced a gas which he called ‘ inflainniable air,’ our 
hydrogen. Following on this discovery it was shown that 
when metals dissolve in acids with evolution of hydrogen, the 
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substance remaining in solution is identical with that obtained 
when the calx of the same metal dissolves in the same acid 
without any production of hydrogen ; moreover, heating the 
dry calx in a stream of ' inflammable air ’ regenerates the 
metal. Rutherford in 1772 showed that when a candle burns 
in a limited supply of air, combustion is limited, that ‘fixed 
air,' our carbon dioxide, is formed and that after the removal 
of this ‘ fixed air' by potash, a gas remains behind which has 
mephitic properties. Rutherford’s discovery was confirmed 
by Priestley, who named this residual gas ‘ phlogisticated air,’ 
a name changed later on to ‘ nitrogen,* because of the gas 
being contained in nitre. 

In 1777 the Swedish chemist Scheele published a memoir 
entitled A Chemical Treatise on Air and Fire^y in which he 
gives an account of a long series of experiments on the part 
played by air in combustion, experiments which confirmed 
facts previously known and added a number of new ones. It 
is recognised that air has weight, and that its presence is 
essential for the production of flame. Elxperiments are de¬ 
scribed which indicate that air is composed of two constituents, 
one acting as the supporter of combustion and occupying 
between a third and a fourth part of the total volume, and 
one which will not allow a candle to burn or the smallest 
spark to glow ; this latter gas is proved to be less dense than 
the original air. The withdrawal of the part of the air which 
supports combustion was accomplished by Scheele in so great 
a variety of ways that his enumeration falls but little short 
of that contained in a modern treatise : he uses alkaline 
persulphides (liver of sulphur), nitric oxide, ferrous hydrate, 
moist iron filings, cuprous chloride ; the burning of phos¬ 
phorus, of hydrogen, of a candle. By the distillation of 
‘ fuming acid of nitre,’ nitric acid, he obtains a gas—he 
called it an ‘air,’ as air was then a generic terra for all gases— 
which he finds to be a better supporter of combustion than 
common air, and which differs from common air in the further 
fact that it is completely absorbed in all those cases when the 

* Portions of thiajare reproduced in the Alembic Club Reprints, No. 8, under 
the title of 'I'hc Discovery of Oxygen, Part 2. 
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use of common air produces a residue having between two- 
thirds and three-quarters the volume of the original air. 
This same gas he obtains also by the action of concentrated 
sulphuric acid on pyrolusite, as well as by heating a large 
number of substances, including the nitrate of magnesium or 
of mercury, common nitre, gold or silver calx, red precipitate 
or mercHvins previpitatKS per $e. He notes the fact that, 
whilst mercurins 2 ^i'CcipitatHS per se is formed at one tempe- 
r.'iture by the slow calcination of the metal in air, it is com¬ 
pletely decomposed at another higher temperature. He 
<letermines the density of the new gas, called by him ‘ fire 
air,’ and finds that an amount occupying the volume of 20 
t)unces of water is almost two grains heavier than the same 
bulk of common air. Mixing one pai't of ‘ fire air’ with three 
parts of that kind of air “ in which fire would not burn,” lie 
obtains an air in every respect like common air. lie notices 
the difference in solubility in water of the two constituents of 
air—the fire air being withdrawn and the vitiated air left 
behind. Indeed, Scheele’s chemical treatise on air and fire is 
a monograph on air astounding in its completeness. 

Though Scheclc’s results were not published until 1777, it 
is generally accepted that the actual discover}' of his ‘fire 
air’—our oxygen—was made in 1772. Thus he anticipated 
Priestley who, on August 1st, 1774, by concentrating the sun's 
rays with a burning glass on red ])recipitate obtained the 
identical gas, which he called ‘ dephlogisticated air*.’ Con¬ 
cerning this <liscovery, Priestley tells us how he believed that 
“ more is owing to what we call chance than to any proper 
<lesign or preconceived theory in this business,” and how when 
he proceeded to investigate the startling properties of the 
new substance, he was continually surpri.sed by something 
unexpected happening. Priestley succeeded in preparing 
the same gas in a variety of other ways and investigated its 
properties, but the exposition of his results shows these to 
have been far inferior in comjdeteness to those obtained by 
Scheele. 


P. c. 


1 Alembic Club Reprints, Mo. 7. 
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2. Turning now to the hypotheses concerning the nature 
of combustion, we find that these also go back to the earliest 
times. According to Greek philosophy, substances burned 
because of the common presence in them of ‘ fire matter' ; 
the burning of wood and the eflect of heating metals such as 
lead and copper in air were recognised as being of the same 
nature, eineres (ashes) being the common name given to the 
residue left behind in either case. Later the burnt metal 
and the process of obtaining it came to be designated by 
' calx ’ and " calcination,’ names derived from the supposed 
analogy with the preparation by the action of heat of calx 
(lime) from chalk. During the Middle Ages combustibility, 
l.e. the burning of wood and sulphur or charcoal, and the 
power possessed b 3 " metals to form calxes, were supposed to 
be due to the common presence of ‘ sulphur,’ the principle of 
combustibility {ante, p. 105). Rey in 1630 repeats the experi¬ 
ments which prove that lead and tin increase in weight on 
calcination. He accounts for this occurrence, as well as for 
the necessity of the presence of air and for the limited 
combustion-8Ui>porting power of the air, by a hypothesis 
according to which the air as a whole becomes fixed, i.e. 
attached to the minute particles of the calxy the actual for¬ 
mation of which latter remains unexplained ; but he makes 
no attempt to test this hypothesis dediictivel}’. Boyle in The 
ISccptical ChymUt^ 1661, tries to account for the increase in 
weight on calcination hy endowing heat with weight, and 
assuming that tlie fiery corpuscles, entering by the i)ores of 
the glass, associate themselves with the particles of the burning 
substance. Hooke in 1665 explains combustion by the escape 
from the burning substance of a sulphurous principle taken 
up by the air, the capacity of whicli in this respect is however 
limited. Ma 3 ^ow in 1674 promulgates the view that atmo¬ 
spheric air is made up of two kinds of aerial particles, one of 
wliicli is also present in nitre, supports combustion and the 
respiration of animals, whilst the other kind is corrosive and 
extinguishes fire. This view is supported b 3 ' experimental 
evidence, of which that given above (p. 143) is perhaps the 
most important and interesting part. The speculations of Re 3 ^ 
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Hooke, Mayow and Boyle represent attempts to explain 
limited special aspects of the phenomena observed to occur 
in combustion. A hypothesis intended to deal with the 
phenomena in their entirety, a hypothesis so comprehensive 
that it developed into a theory, was originated by Becher in 
1669 and was developed by Stahl (1660—1/34). According 
to this, all combustible substances and all metals are complex, 
containing the substance resulting from the burning or calci¬ 
nation (which in the case of metals is the calx) combined with 
the principle of combustibility named phlogiston ; burning 
and calcination consist in the driving out of the phlogiston 
by heat, whereby simpler substances are produced ; heating 
tlie metal calx with charcoal, a substance specially rich in 
phlogiston, regenerates the original complex metal by the 
restitution to it of the phlogiston taken from it in calcination ; 
similarly the addition of phlogiston in the heating of a sul¬ 
phate with charcoal allows of the indirect regeneration of the 
sulphur. 

The phlogistic hypothesis reigned supreme and unchal¬ 
lenged for about a century ; to its original achievement of 
classing together and giving a simple explanation of such 
diverse phenomena as the burning of wood, the calcination of 
metals and the regeneration of metals from their calxes, it 
added further triumphs by including within its scope respira¬ 
tion and the explanation of the nature of ‘inflammable air.' 
Since the substance produced by the solution in acid of the 
metal and a metal calx are the same, the gas produced in the 
first case must be cither phlogiston itself or a substance rich 
in phlogiston, an inference justified by the fact that metal 
calxes heated in this gas yield the metal. Against these 
positive achievements had to be set difticulties and anomalies 
wliich grew in number and importance as new facts were 
discovered and old ones studied more closely, especially when 
this was done from the quantitative point of view. There 
were the disconcerting facts of the increase of weight on 
burning, of the necessity for the presence of air and of the 
limitation to the power of supportitig combustion of a given 
volume of air. To these phenomena known of old were added 
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Dewly discovered ones, viz. ; the production of metallic 
mercury by heating mercury calx alone, without carbon or 
other source of phlogiston; the differences observed when 
substances were burnt in ordinary air and in Priestley’s 
‘dephlogisticated air’ respectively, a residual gas (differing in 
its properties from air) being left in the one case and not in 
the other. The original promulgators of the hypothesis had 
not committed themselves concerning the nature and proper¬ 
ties of phlogiston, and had left it an open question whether 
phlogiston was capable of real existence or not, and what was 
the part played by the air. This left much latitude to the 
champions of the theoiy, who continued to fight for it when 
in the light of fresli discoveries and more severe demands for 
strict correspondence between hypothesis and fact, its in- 
suiefpiacies and deficiencies were made to stand out more and 
more 2 >i*ominently. 


(.’hrinists luive turned plilogiston into a vajjuc principle, one not rigor¬ 
ously (lefined and wliicli consequently a<lapts itself to all the exi>lanatioiis 
tor whicli it may he required. ^Sometimes this principle has weight and 
sometimes it has not; sometimes it is free fire and sometimes it is fire 
eoinhined with the 


of ve.ssels, someti 


changing in foi 


the earthy element; sometimes it jkusscs through the pores 
ctimes these arc impervious to it...it is a veritable Proteus, 
•m at each imstant. (Lavoisier, 1783.) 


Schecle recognised tliis ; he liad found that the gas left 
behind when air was deprived of the part which supports 
combustion was not only smaller in volume but also less dense 
than the orierinal air. 


...it might he believed that the ijhlogist()n unite<! with tliis air makes it 
lighter...but since phlogiston is a substance, which always prcsupj)Oses 
.some weight, I must doubt whether such hypothesis ha.s any foundation. 


But Scheele was so imbued with the preconceived belief 
in the absolute truth of the phlogistic theory that lie was 
prepared to leave the matter at that; it is strange indeed 
that with all the facts known to him about the production 
and <lecompo.sition of niercitrius jn'ectpitatns per sehe shon\(i 
not have realised how sui>erfluoiis it was to assume the 
exi.stence of the jyrhieiplc j)hlogiston. He had considered 
two j)ossibIe explanations of the cause of the decrease in 
volume of air which had acted as a supporter of combustion. 
The first of these was that the air in absoi'bing the phlogiston 
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had ‘ lost some elasticity/ i.e, had contracted ; this however 
was not in accordance with the observed loss of weight. The 
second hypothesis was that the air lost had united with the 
substances to the interaction with which was due the decrease 
in volume and weight observed, 

but in that case it would necessarily follow that the lost air could be sepa¬ 
rated iigain from the materials employed. 

Scheele tried to regain such portion of the air as might have 
been absorbed by the action of liver of sulpliur (alkaline 
polysulphide), but in this he was not successful. Considering 
what lie knew about the preparation of inercurius prccipitatus 
per se from mercury and air and what he himself had found 
out about its decomposition into metallic mercury and ‘ fire 
air’ when strongly heated, it is almost amazing that he should 
not have followed up his reasoning and thereby solved the 
w'hole problem ; but till his death he remained a believer in 
phlogiston. It was reserved for another man to achieve the 
rout of the phlogistic theory, to show that the recognition of 
the true nature of the occurrence did away with the necessity 
for assuming the existence of phlogiston or any other hypo¬ 
thetical princiiile, that it was a case of combinations and 
decompositions between substances that could be isolated and 
investigated like any other kind of matter. 

3. Lavoisier’s work. 

In 1772 Lavoisier added to the already recognised analogies 
between combustion and calcination the proof that phosjdiorus 
and sulphur on being burnt absorb a large volume of air^ and 
increase in weight just as metals do on calcination. In work 
published in 1774 but completed two years earlier, he proves 
by the calcination of tin and lead in hermetically sealed 
vessels, the total weight of which before and after the reaction 
is found to be the same, that the increase in weight of the 
metal during calcination arises neither from fire matter 
I)assiiig tlu’ough the pores of the vessel (Boyle’s hypothesis, 
a fife, p. 140), nor from any other matter extraneous to tlie 
vessel, but must be due to absorption of part of tlie air. The 

• This was also proved by Scheele {ante, p. 144). 
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question next pressing for answer obviously concerned the 
nature of the portion of air absorbed. Priestley's discovery 
on August 1st, 1774, of a new gas, a better supporter of com¬ 
bustion than air, supplied the necessary clue. In October 
1 / 74 Pi'iestley told Lavoisier of his discovery, and in 1775 
Lavoisier published a memoir entitled On the Princijyle which 
combines tvith Metals during Calcination, and which aug¬ 
ments their Weight, He uses mercury calx in the form of 
mercurins calcinatus jwr se (a substance obtained by the 
calcination of mercury in air) and red precipitate (obtained 
by tJie action of an alkali such as potash or soda on the solution 
of a mercury salt) ; he proves that these substances are iden¬ 
tical and are a calx, because when heated with charcoal they 
yield the metal and fixed air, and fi’om them he obtains by 
heat metallic mercury and a gas which he considers to be the 
purest portion of the air surrounding us, and to constitute the 
principle which combines w'ith metals during calcination and 
which increases their weight. This work must be considered 
as preliminary to the classical experiment in which by the 
complete quantitative synthesis and analysis of mercury calx 
he supplied unassailable proof that calcination consists in the 
absorption ot a definite portion of the air, leaving behind a 
smaller volume of a gas different in properties from the original 
air ; that the gas absorbed can be completely regained, when 
its volume is found equal to the observed decrease of volume 
of the original air (for the actual numerical values see 
p. IGO) ; that it is a much better supporter of combustion 
than ordinary’ air, and that when mixed with the air remaining 
behind after the calcination, ordinary air is reproduced. These 
results, supplemented by those obtained in the measurement 
of the maximum volume decrease which it is possible to 
produce in air by the substitution of the more active phos¬ 
phorus for mercury, settled the point of the composition of 
air and of the part played in the phenomena of combustion 
by that constituent whose volume is one-fifth of the total. In 
177ff, in a memoir entitled On Coinhustion, Lavoisier finally 
disposes of the need for a special principle of combustibility 
and enunciates his views, or, since there is really nothing 
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hypothetical in the matter, it would be more correct to say 
his discovery. The burnt substance or calx is more complex 
than the combustible substance or metal; it is formed by the 
combination of the combustible substance or metal with the 
gas named by Priestley ‘ dephlogisticated air,’ b}' Scheele 
‘ fire air,’ by Lavoisier himself at first ‘ eminently pure air ’ 
and later ‘ oxygen ’; the increase in weight incidental to the 
process of burning or calcination is exactly equal to the 
amount of gas so absorbed ; this gas is present in air mixed 
with the gas termed by Priestley ‘ plilogisticated air,’ now 
named nitrogen. 

Tlie triumph of the new doctrine, though not immediate, 
could naturally not be long deferred ; it was not a case of 
choosing between rival hypotheses, each with its own advan¬ 
tages and its own distinct limitations and difficulties ; it was 
the substitution of an explanation based cntirelj' on facts 
verifiable by experiment for a theory which had been of very 
great advantage in the coordination of a large number of 
apparently widely diverse phenomena, but which had proved 
inadequate to its task with the gi-owth of more accurate 
knowledge. 

II. The various phenomena observed in the study of 
combustion, illustrated by the special case of: 
(1) phosphorus, (2) iron. 

In the preceding section it has been told how early it had 
been recognised that the change which occurs when a substance 
such as lead or tin is heated in air is of essentially the same 
nature as that which takes place when Avood or sulphur burn 
with a flame. Obviously it will be desirable to supply definite 
evidence, (pialitative and quantitative, for the correctness of 
this view, and it Avill also help to a more complete under¬ 
standing of the various aspects of combustion if each of these 
is illustrated by two examples, one in which a so-called 
‘ combustible ’ substance and another in which a ‘ metal ’ is 
used. Phosphorus is specially suitable as the representative 
of the first of these classes, and that for the following reasons : 
it is very easily inflammable ; Avhen the reaction has been 
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started it proceeds spontaneously and is completed in a short 
time ; and finally, the product of combustion is a solid. Iron 
is chosen because it can be easily obtained in a state of fine 
division conducive to the occurrence of the change ; because 
though fairly active (in this respect superior to copper) it is 
not clianged at ordinary temperature (diflference from sodium 
and potassium) ; and finally because at no stage of the reaction 
is a volatile product formed. The much gi*eater activity of 
magnesium has proved so attractive that it is often used for 
demonstrating the essential features of combustion, including 
the determination of the volume ratio between the original 
air and the gas l emaining after the reaction, for which latter 



Fig. 3G. 


A. Bell-jar of about 6—10 
litres capacity, with 
ground rim. 

B. Glass plate, preferably 
ground. 

C. Crucible holding phos¬ 
phorus, supported on 
pipe-clay triangle. 

D. White deposit of burnt 
phosphorus forming on 
the inner surface of the 
bell-jar and on the glass 
plate. 


purpose magnesium is absolutely unsuitable, because owing 
to its extreme reactivity it forms according to the conditions 
of the experiment not only the oxide, but also nitride and 
silicide (see p. 55). 


1. Certain substances when heated in air are permanently 
changed, giving rise to new kinds of matter. 

The principle and the practice of the work involved have 
been dealt witli fully in Chapter I, wliere it has been shown 
wliat are the criteria for recognising the occurrence of a 
chemical change, i.c. tlie production of a new kind of matter. 
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(1) Phosphorus. 

Experiment XVI. Burn some phosphorus in air and demonstrate the 
occurrence of a chemical change. 

Procedure. 

{a) Very little lieat^ is needed to start the reaction, wliich then 
proceeds spontaneously as long as sufficient air is available. If the burning 
i.s done in a closed vessel such as a bell-jar (see fig. 36), the reaction soon 
comes to an end, but is started agaiu if by lifting the bell-jar a fresh supply 
of air is made available. Note the formation of white fumes which condense 
on the walls of the vessel, and the change of part of the residual phosphorus 
into a red mass which can be ignited by heating to a higher temperature 
and which is the ‘allotropic modification’called red phosphorus. Also note 
the position of the red phosphorus relatively to the original yellow, which 
shows that the latter must have volatilised. 


(&) The collection of the product of combustion, the white solid pro¬ 
duced by condensation of the white fumes, is made somewhat difficult by 
its very hygroscopic nature. It is essential that the appai*atus should be 
absolutely dry to begin with, that the air used should be deprived of any 
moisture, and that the white solid should be kept in a desiccator until 
waiiCed. Kigs. 36 and 37 give two aiTangements suitable for the purpose, 
'liie fir.st is the usual o.xtremely simple contrivance, in which a glass plate 
and bell-jar are use4l, together uith a crucible for holding the phosphoinis. 
'liie phosphorus is lighted, the bell-jar put in place and fitted as Avell as 
possible on to the plate so as to prevent the escajie of fumes. When com¬ 
bustion has ceased and the whole apparatus Inis become cold again, the 
boll-jar i.s removed and the white solid, which will have deposited mainly 
on the enclosed space of the glass plate, is scraped off, j)ut on a watch glass 
and placed in a desiccator. Fig. 37 depicts a more elabonite contrivance 
in which the air used can be dried and its rate of supply regulated; more¬ 
over the actual amount of air available can be incrciised at will by successive 
transferences of the water from one aspirator to the other, detaching both 
from the rest of the apparatus, reversing the relative position of A and A\ 
and when A is again full of air beginning anew. This arrangement is 
similar in principle to that used in the commercial prej>aration of phosphoric 
unhydriile, a substance much used by chemists as a dehyilrating agent”, 
only that in this latter case oxygen instead of air is use«l as the supporter of 
combustion. 


ic) The following tiible embcHlies tests well suited for demonstrating in 
a simple aiul quick manner the change in properties which justifies the 
classifying as chemical of the change which occui’s. 


^ Generally applied by touching the phosphorus with a lieated metal wire. 

^ Newth, Inorganic Chemistry, p. -171 ; Ostwald, Principles of Inorganic 
Chemistry, p. 300. 
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Record of results. 

Specimen of note-book entry. 



Phosphoraa 

Substance obtained by the 
burning of phosphonis 
in dry air 

Appearance 

Pale yellow waxy solid 

White feathery mass 

Effect of heat 

Out of contact with air 
melts at low temperature; 
in contact with air burns 
with bright flame, pro¬ 
ducing dense white fumes 

Sublimes apparently un¬ 
changed ! 

Action of water 

None 

Phosphorus preserved under 
water to prevent spontane- 
! ous ignition in contact 

1 with air 

1 

Violent action 

Dissolves with evolution of 
much heat—solution turns 
blue litmus red, neutral¬ 
ises potash or soda, pro¬ 
duces effervescence with 
carbonates | 


It is recommended that the purification of the white solid 
by sublimation, a process of considerable importance in the 
teclmique of the laboratory, should be demonstrated at this 
stage, even if it should be necessaiy to supplement the supply 
of solid actually prepared with some material from the labora¬ 
tory store room. 

(2) Iron. The manner of demonstrating the occurrence 
of a chemical change on heating in air has been dealt with in 
Chapter I, Experiment III (ii), p. 55. 


2. The so-called ‘ burnt substance ’ weighs more than the 
original substance. 

This fact lia<l been observed as far back as the eighth 
century, and in the seventeenth and eighteenth centuries 
observations of the occurrence and specidations concerning 
its cause were numerous pp. 143, 144), All that has 

been said in Chapter II (p. 30) about the difference in procedure 
according as to whether the object is merely to establish an 
increase in weight or to measure the increase per unit weight 
of substance changed, applies ecpially here. 
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(1) Phosphorus. 

Experiment XVII. To show that burnt pliosphorus weighs more 
than the original substance, no attempt being made to burn the whole of 

the phospliorus nor to ascertain the increase in weight per unit weight of 
substance burnt. <= * & 


^ apparatus is tlie same as that used in Chapter II, Experiment 
\ la, p. 89, but in view of the easy inflammability of phosphorus it is 
not only desirable hut essential to do the weighings with the tube closed 
by solid corks (see in the figure, p. 89). 


Record of results. 


Specimen of note-book entry. 

Wt, of bulb + asbestos + corks + phosphorus 5G‘71 

»» .. t, + residual phosphorus 1 c 7 .|q 

+ burnt phosphorus } ^ 

Difiference +0*48 


37-02 
57-28 
+ 0-2G 


(2) Iron. It has been shown in Chapter II, Experiment 
VIII (i) (b), p. 8G, that the ^ burnt iron ' weighs more than the 
original iron. 


3, The effects obtained in 1 and 2 require the presence of 
air. 

Knowledge of tliis dates back to the eighth century, when 
Geber recommended tliat calcination should be done in open 
flat pans. Hoyle in 1G72 showed that sulphur does not burn 
in an evacuated flask. 

(1) Phosphorus. Observation of what happens in Experi¬ 
ments XVI and XVII indicates the necessity for the presence 
of air : the flame of the pliosphorus burning under the bell- 
jar goes out after a time, but reappears if by lifting the bell- 
jar a fresh suppl}' of air is allow'ed to enter ; the amount of 
action produced in Experiment XVII depends on the lUte 
at which air is sucked through tlie apparatus, and the flame 
appears at the place of ingress of the air ; phosphorus in 
contact with air is liable to ignite spontaneously even at 
ordiiiai*y temperatures, but it can be preserved unaltered and 
even melted if protected from tlie air by being kept under 
water. 
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(2) Iron. 

Experiment XVIII Investigpatc tlic change in weight produced in 
iron when }»eivted (i) in cacno, (ii) in air. Pay special attention to the pre¬ 
cautions required to ehininate weight changes due to other causes than the 
chemical change produced in the iron. 

Procedure. Use apparatus shown in fig, 38, p. 158. 

Weigh A with the iron and the air contiiined in it; connect A to the 
rest of the apparatus as shown in the sketch, set the pump going, watch the 
manometer, and when the evacuation has reached tlie higliest value possible 
under tlie circumstances, heat at first gently and finally strongly, sto}> 
heating after about 10 minutes and allow to cool ; when quite cold slip out 
D and cautiously unscrew 6’, ajler which stop tlie action of the pump; 
weigh A and its contents. Kepeat the process, with only this tlifFerence, 
that D is not inserted, and C is loft open so that by the action of the pumi) 
air is drawn over the lieated iron ; cool with the current of air passing, and 
weigh again. 

Record of results. 

Specimen of note-book entry. 

Wt. of flask4-iron-f-air =« 79*294* 

+ contents after evacuating, heating, 

cooling and admitting, air =6 79‘28o 

Difference = 6 - « - 0-009 

Wt. of flask-f contents after heating in air and 

cooling =.TC 80*836 

Difference +1-S42 


57*281^ 

57*279 

- 0*002 

57*458 

-hO-177 


4. The increase in the weight of the substance burnt is 
equal to the decrease in the weight of the air partici¬ 
pating in the reaction. 

Some account has already been given of the various 
atteuii>t8 that liad been made before Lavoisier’s time to 
explain the observed increase in weight accompanying the 
calcination of metals. Hey, Hooke and Mayow each saw 
glimpses of the truth when they assumed the particiiiation of 
the air in the reaction, but what they proiiounded amounted 
to no more than hypotheses whicli were not followed up nor 
tested deductively. Tlie cxj>lanation so long sought was not 
given until Lavoisier took up the matter and showed the jiart 
played by the air, by provimj that in combustion tlie increase 
in one part of the system—the iihosphorus, or tin, or lead, or 

* Iron used in the form of fine powder which had been dried, but some of 
which was seen to be carried away by the inrushing air. 

Iron used in the form of tine wire cut into short lengths. 
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Fig. 38. 


A. Hound-bottomed 6ask of thick Jena glass (a thin*walled or flat-bottomed 
flask would, when evacuated, be shattered by the pressure of the outer air). 

B. Iron, ill the form of carefully cleaned fine wire (or wool). Iron powder 
(reduced iron) being more easily acted upon, has the advantage of showing 
more markedly the increase in weight which occurs when air is admitted 
{in the second part of the experiment); on the other hand, it always 
condenses some moisture on its very extended surface, and (unless this is 
first removed by heating and subsequent cooling in a stream of pure dry 
hydrogen) heating in vacuo shows a loss of weight. There is the further 
disadvantage that when the clip C is opened, the air rushing in suddenly 
is apt to blow out some of the finely divided powdery metal. 

C. Screw clip. 

D. Short piece of glass rod fitting tightly into the pressure tubing. It supple¬ 
ments the action of the clip C in preventing the ingress of air. 

£. Manometer, indicating by the height of the mercury column the degree of 
evacuation attained ; the pressure of the air left in A is given by the 
difference between the height of the barometer and that of the mercury 
column. 

F. Wush-hottle filled with strong sulphuric acid, to prevent access of moisture 
from pump into A. 

G. EmiJty wash-bottle, to act as a trap for the water which, if the water pump 
temporarily fails (owing to reduction in the pressure of water supplied from 
the main), is sucked over into the more highly evacuated part of the 
apparatus; this bottle is so placed that when the pump again acts up to its 
maximum capacity the water is sucked out again. 

H. Pressure tubing. 
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irou, or mercury—is the same as the decrease in another part 
—the air. This proof he supplied in two ways: {a) by carrying 
out the reaction in hermetically sealed vessels, which with 
their contents were weighed before and after the occurrence 
of the reaction ; {b) by means of complete syntheses and 
analyses. 

(а) Phosphorus, lead and tin were heated in closed flasks 
or retorts, and it was shown that the total weight of the 
system was not altered thereby, no increase being noted until 
the vessels were opened and air rushed in to take the place 
of that absorbed {ante, p. 149). Working with 8 ouces^ of 
tin, Lavoisier found that the difference in weight of the closed 
system before and after the calcination was a loss of 0*27 
grain an amount within the limit of the experimental error. 
When however the retort was opened and air allowed to rush 
in, an increase in weight of 3‘13 grains was observed, prac¬ 
tically identical with 3*12 grains, the increase in weight of the 
tin as determined separately by weighing the mass composed 
of the unchanged tin and burnt tin. 

(б) The same point was proved in the classical experi¬ 
ment on the synthesis and complete analysis of mercury calx 
(burnt mercury = merciuins jfrecipitatus per se, our red oxide 
of mercury). In this experiment Lavoisier not only establislied 
the fact that the increase in weight of the burnt substance is 
equal to the decrease in weight of the air, but also proved 
that the reaction consists in the withdrawal of a constituent 
of the air, whicli, since it could be regained, made it possible 
to study the properties of the two portions into which air is 
sepai’ated by the process of combustion. 

The synthesis was effected by long-continued gentle 
heating of mercury in a confined measured volume of air 
contained in a bell-jar communicating with the retort holding 
the mercury, the weight of calx present and the decrease in 
volume of the air being measured. 

The red particles were picked off from the surface of the 


unchanged mercury; their weight was found.a = 45 grains 

Decrease in the volume of air .5 = 7 to 8 cubic inches 


‘ once = & gros', 1 gros = T1 grain*. 
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The analysis was effected by heating the red calx, col¬ 
lecting separately the mercury and the gas evolved, and 
determining the quantity of each. 

Weight of calx heated. a = 45 grains 

Weight of mercury collected.<^ = 41^ grains 

Volume of gas collected .d = 7 to 8 cubic inches 

Weight of the above volume of gas, the density of which 

is i grain per cubic inch.e = 7x ^ = 3^ grains 

Hence since b was found equal to dy viz. 7 to 8 cubic 
inches, it follows that in the process of calcination this volume 
of a gaseous constituent of air has been absorbed ; but also, 
since c + e = 4\^ + 3^ grains = 45 grains = a, it follows that the 
weight of the calx is made up of the weight of metal contained 
in it and the weight of the gaseous constituent which the 
metal has withdrawn from the air in the process of burning 
(calcination). 

liXperiment XIX. TIic burning of phosidioms in a closed flask. 

Procedure. 

Burn u small piece (about tlic size of a pea) of clean dry phosphorus in 
a clean dry Florence flask of abo\it 
.*h)n c.c. capacity, which is clo.'^cd 
with a very well-fitting soliil nibbcr 
cork ; the cork should be greased 
very slightly and pushed in with a 
revolving motion as far as it will go. 

NV'eigh the flask and its contents 
accurately (t<) nig.s.) before the 
reaction and again after it, when 
sufficient time has been allowed for 
it to cool. Concerning the desira¬ 
bility of eliminating error due to 
change in the buoyancy of the air 
l)y counterpoising with a clo.sed 
flask of }is nearly as po.ssihle the 
same volume, seeoyj^c, p. 14. Ignite 
the j>ho.sphorus by heating gently 

with a .small flame close to the jdace where tlie idiosphorus rests, and then 
twist it round and round, letting sonic of the molten phosphorus run into 
the neck‘. The object of thii.s extending the active surface of the phosplioriis 
is to make the reaction complete as far as the air available is concerned. 
Allow to cool and weigh again. 

* In the description of a similar experiment as given by Newth, instead of 
heating by a liunseu burner, the lower portion of the glass vessel is plunged 
into hot water. 



Fig. 39. 
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It is desii*able not to stop at this point, but to cany the experiment 
further: either by showing that thougli the total weight of the system has 
remained the same, the phospliorus has incre:ised in weight; or by measuring 
the volume change of tiie air. For the first purpose (same sis 2 (1), Expeii- 
ment XVII) the fliisk is opened for a fe>v seconds (the removal of the cork 
may be a matter of considerable difficulty), air is allowed to rush in, the 
cork is replaced and a third weighing taken. 

For tlie second purpose (same ;is 5 (1), Experiment XX) the flask is 
opened under water ; after some agitation to dissolve the white fumes, it is 
placed so as to make the level of water inside and outside the same, closed 
by pressure agiiinst the palm of the hand and removed. A large jar or a 
pail filled with water brought to the temi)cniture of the room by having 
been kept standing overnight, provides the space necessary for these opera¬ 
tions. The volume of the water that had entered is then measured by 
poin-ing it into a graduated cylinder, and the total volume of the fljusk is 
ascertained in the same manner ami taken as equal to that of the original 
air. The difference between the two gives the volume of the residual air. 
With the volume mc;isurements made in the manner described, the experi¬ 
ment is at best but rough, and it would serve no purpose to introduce 
corrections for differences in temperature and pressure. As regartls 
temperature, having taken the precaution to bring the water used in the 
v«)hime measurements to the temperature of the room, we may assume that 
there would be little if any difference between that at the beginning of the 
experiment, when the volume of air (suppo.scd equal to that of the whole 
fl5i.sk) was cnchi.sed with the iihosphorus, and that at the end of the experi¬ 
ment, wlien the volume of the residual gsis i.s mcivsured. On the other hsuid, 
the sissnmption tlisit tlie pressure of the two gsise.s i.s the .same introduces a 
very sipprecisible eiror, the msignitude of which the fifllowing con.sidenitions 
sillow us to evaluiitc approxiimitely. Supp«»sing thsit—as is most likelv to 
be the ca.se—the barometric pressure Inis not changed appreciably, there 
remains the fact Unit whilst the origimil siii* was comparsitivcly dry, the 
residusil giis when measured wsis moist, i.e. completely saturiitcd* with 
mpieous vapour; sind hence the real pressure P exertcil by it wa.s onlv 
cipuil to that of the barometer, B, less r, the tension <if aipieous viipour at 
the temiJcrsiture of the experiments P^B-r. At the ten.siou 

<»f a(|ueous vapour is lo mm., which for a barometric pressure of jibout 

700 mm. introduces sin error of about which is very neiirly 2 7^. Since 


volume is inversely pnq)o»*tional to pressure (Eoyle^s Lsiw), it follows that 
the value tahm for the volume of the resitlinil giia is greater than the true 
one in about that r5ith>. lint sis it hiippens the fiinil result is not likely to 
be incorrect that simount, since in the ratio rcsidmif fjns : orifjimd air 
the volume of the sii)- is affected by errors which though snniller sire in the 
same direction, thus in taking the volume of the original siir equal to that 


‘ Glazebrook, Ili/drostatics, §84, p. 16.5; Jlfat, % 117. p. 131; Clowes and 
Coleman. C^uaHtiUitire Analyst.-^, 10th ed., 1014, pp. 442 et seq.; Newth, Mmiiwl 
of Chemical Analysis, 1903, pp. 387, 388, 461. 
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of tlie whole interior of the flask, we neglect for one thing the volume of 
the solid iihosphoinis; and for another, in pushing in the solid cork and 
comj)ressing a volume supposed to be equal to that of the whole flask to 
one slightly less, it is almost cei’tain that there would be some loss, some of 
the air escaping before the cork is completely in contact ^vith the neck of 
the flask. 

Record of results. 

A. Specimen of note-book entry. 



(i) 

(ii) 

1 (iiO 

1 

(iv) 

SVt. of flask-t-cork-i-air + phosphorus =o 

66-852 

67-178 

r 

100-412 

88-184 

,, ,, -f-residual gas-fre- 

sidual phosphorus + burnt phos¬ 
phorus. —b 

66* ** 851 

67*180 

100*412 

88-184 

Difference . —b~a 

- 0*001 

•f 0-002 

+ 0-000 

O 

O 

o 

0 

+ 

Wt. aft^r oDeDioc in air . — c 

66*946 

67*270 



Difference . —c-a 

-f- 0*095 

+ 0090 



Vol. of water that rushes into the 





flask when the flask is opened under 
water . ~d 



79 

60 

Vol. of water filling whole flask. — c) 

.-.Vol. of original air . —ej 

Vol. of gas remaining after combus¬ 
tion of phosphorus . —e-d 

.•.Vol. of residual gas expressed as 

1 


384 

297 



30-5 

237 

,,, . . , . (e-d)lOO 

of the onginal air.—- 

c 



79-4 

79 8 



Summary of results obtained by a class of 11 students. 


Difference between the 
weights of the closed 
system before and 
after the reaction 


Volume of the residual 
gas expressed as per¬ 
centage of the original 
air 


Student A. 

. *000 . 

. 79-4 

.. B. 

. *000 . 

. 79-8 

C. 

. -000 . 

. 78-5 

,, D. 

.+(-070)* 


E. 

.- -0005. 

.(82)* 

,, F. 

. *000 . 

. 79*7 

„ G. 

. *000 . 

.(83-6) 

H. 

. *000 . 

. 78*6 

I. 

.+ (*003). 

. 78-5 

J 

•001 . 

. 79*7 

.. K. 

. + *0017. 

. 78-6 

Mean. 

. *000 . 

.79*1 


* Continuous increase during second weighing—cork used had not been 
greased, and air was obviously leaking in slowly. 

** Flask was opened before it had become cool. 
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Sections 1 and 2 dealt with combustion considered ex¬ 
clusively from the point of view of the changes produced in 
the burnt substance, viz. the phosphorus or iron ; in 3 and 4 
we considered the interdependence of the substance burnt 
and the air ; the next three sections deal with combustion 
exclusively from the point of view of the air, viz. with the 
investigation of the volume and the properties of the residual 
gas. 

Lavoisier, in his investigations on the increase of weight 
of iron on calcination, determined this increase indirectly by 
measuring the volume of air absorbed and calculating the 
weight of it, using as antecedent datum the known density 
of air. His results were as follows : 


Weight of iron before calcination . 

»» I. after ,, . 

Increase in weight due to ,, . 

Air absorbed . 

1 cubic inch of air weighs . 

97 cubic inches weigh . 

Difference between increase in wt. observed 
and wt. of air absorbed. 


145-G grains. 
192-0 ,, 

46-4 

97 cub. in. 
0-47317 grains. 
45-9 grains. 

0-05 grain. 


5. The air decreases in volume, and does so to the same 
extent for (1) phosphorus and (2) iron. 

Reference has been made in the historical section to the 
work done on this subject by Scheele, who measured the 
volume change produced in air by the action of a large 
number of substances {e.g. liver of sulphur, nitric oxide, moist 
iron filings, phosphorus, hydrogen, a candle, etc. etc. ; ante, 
p. 144); Lavoisier’s observation and measurement of the 
volume changes produced in air by the calcination of mercury 
and of iron respectively have been dealt with in detail in the 
preceding section. 

Experiment XX. Measure the volume eliiiuge ju-odueed in air by 
(1) the smouldering of pho.sphorus, (2) the rusting of iron*. 

^ The action of the iron in this esperimeut is not strictly the same as that 
studied under 1, 2. 3. since at the ordinary temperature the presence not only 
of air but also of moisture is essential. Hence, as far as the work here maj^ped 
out goes, there is omission of the necessary proof that iron ‘rusting’ in moist 
air at the ordinary temperature and iron ‘burning’ in dry air at a higher tem¬ 
perature produce the same effect on the air. Continuation of Exp. XX, in 
which the change of volume iu the air would be measured—just as was done for 

11—2 
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Let the action occur slowly at the ordinary temperature in measured 
volumes of air confined over water; measure the volume change. In order 
to make the comparison of gaseous volumes measmed on different days 
independent of changes due to temperature and pressure, apply Boyle’s 
and Charles’ laws to calculating the coiTesponding volumes at normal 
temperature and pressure, viz. 0‘’ C. and 760 mm. 

Use either gi'aduated tubes (200 c.c. in 1/1) or suitable-sized glass tubes 
closed at one end (50—80 cm. long, 2—3 cm. wide), in which the sjiace 
occupied by the gas may be marked off by india-rubber bands and subse¬ 
quently measured by means of water delivered fi-om a burette or a graduated 
cylinder; introduce the phosphorus in the form of a thin clean stick 3—4 cm. 
long, attached to a stout copper wire of suitable length, and the iron as 
filings contained in a piece of fine-meshed ii’on gauze folded over at the two 
ends and pierced by a stout copper wire of suitable length (fig. 40 A). The 
]>rocess of inserting and removing the long wires caiTjing the phosphorus 
or iron, as well as that of etjualising the level of the water inside and outside 
the tube prior to each volume measurement, will be facilitated by the use 
of large pails filled with tap water brought to the temperature of the room 
by having been allowed to stand overnight; for any operation in the course 
«if the experiment which involves the use of water, draw upon this supply. 
.\ tall nndc gas jar will serve well to hold the tubes dining the reaction. 
The tiiinsfercncc from pail to jar, and vice ver.'fa, can be accomplished with 
case and without risk of admitting air, by using a small crucible as shown 
in fig. 40 Holding the upper end of the tubes for some time in the warm 
hand may introduce a quite appreciable error, and hence the readings of 
the volume measurements should be tsiken witli the tubes held in a suitable 
clip (fig. 40 H). It will dciiend on the length of the gas inesisuring tube 
relatively to the height of the gsis jar whether the adjustment of the iiressure 
of the moist gas to atmosplieiic pressure, accomplished by equalising the 
inside and outside level of the water, can be done in the gas jar or not. If 
there is not sufficient depth of water in the jar to do so, the tube must for 
this purjio.se bo takeh to the pail, which should be full of water (an au.xiliary 
.sujjply of water at the right temperature being kept in another pail), so 
that no error may bo introduced through the observei*’s eye not being at 
the same level as the meniscus of the water in the tube. But even when 
by this precaution the level has been correctly adjusted, it may prove 
<litficult to take a reading under these condition.s, and it may be i>referable 
only to mark the position of the meniscus by slipping on and i)lacing 
accurately in position a very thin rubber band of suibible diameterh Sevei*al 
bands can be placed in readiness both at the top and bottom of the tube 
and pushed into position as required, the readings being done after the 
Iransfei-ence of the tubes to the gas jar, when tlie graduations can be seen 
more clearly. 


phosphorus in Exp. XIX—and comparison of the result with that found in this 
experiment, would supply the proof required. 

> Such bands can be made by cutting off with sharp scissors thin strips from 
rubber tubing. 




Fig. 40. Apparatus, and mode of manipulation. 


A. Iron filings wrapped in iron gauze tied up with copper wii*e, for slipping 
into graduated tube. 

B. Sticks of phosphorus wrapped round with or melted on to copper wire for 
slipping into graduated tube, and kept under water until wanted. 

C. Graduated tube, two of which are required. 

D. Method of introducing the solids into the measured volume of gas confined 
over water. 

E. F, G. Method of transferring graduated tube, which contains a measured 

volume of gas confined over water, from one vessel to another. 

H. Volume measurement when the pressure of the gas has been made equal to 
atmospheric by the equalisation of the level of water inside and outside. 

G, H. Arrangement for keeping the tubes whilst the reaction is going on. 






166 The part tvhich Air plays in Combustion 


Procedure. 

Isolate a suitable volume of air by pouring a little water into the 
graduated tube and then inverting it in the pail. Measure the volume of 
moist air either mth or without transference to the jar, with or ivithout the 
use of a inibber band. Introduce the iron or phosphorus, and take another 
mcjisurement, which gives the volume of moist air + that of the solid above 
the level of the w’aterh Read the barometer and the thermometer. Repeat 
all these operations with the second tube. Leave the tubes to stand in the 
gas jar for at least a day, or as much longer as may be needed to complete 
the action, as shown by observation of the level of the water in the tubes 
(an india-rubber ring slipped on will facilitate this). For each tube read 
the volume of the residual gas i-solid remove the solid and read the 
vohnne of the residual gas; read the barometer and the themiometer. 

The information above given concerning the number and 
sequence of the measurements required is summarised in the 
table, p. 1G7, wliicli also indicates how to calculate from these 
data the value which the experiment is intended to ascertain. 
Tliis table, together witli that on p. 168, gives tlie records for 
this as well as the next experiment. 

It is more than doubtful whether, when doing this ex¬ 
periment with the appliances and in the manner described, it 
is legitimate to apply a correction for variations in tempera- 
tui'c and pressure, considering that such differences as may 
exist on the two occasions of measuring the air and the 
residual gas will probably be well within the limit of the 
experimental error of the volume measurements ; a critical 
examination of the numbers found in the specimen experi¬ 
ments is recommended. 

6. The residual gas obtained in 5 is inactive towards both 
the solids experimented with. 

(1) Iron in the presence of water produces no fiu'ther 
volume change in the gas remaining after the action of 
)>hosphorus on air. 

(2) Phosphorus has no effect on the gas left after the 
rusting of iron in air. 

1 Concerning the advantage of taking these extra readings which do not 
enter into the calculation, see the remarks in the table on p. 167. 
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Experiment XXI. ( 1 ) Measure the volume change produced by 
iron on the gas remaining after the burning of phosphoinis in air. (2) Do 
the same, using pliosphorus and the gas left after the rusting of iron in air. 

Aftei the last volume measurements made in the preceding experiment^ 
repeat the experiment in exactly the same way, putting the iron in the tube 
in which the phosphorus had been, and rice cerna. 

B. Summary of results obtained by classes of 18 and 12 

respectively, woi’king in pairs. 

Ratio of volume of residual gas to volume of original gas (air) in the action of 

Iron FbospboxoiB 


on QQ 



Air 

Gas remaining 
after action of 
phosphorus on air 

1 __ 

Air 

1 

' Gas remaining 
after action of 
iron on air 

Pair A 

•Si 

1-01 

•80 

100 

.. B 

•78 

1-00 

•81 

1*00 

.. c 

•81 

•99 

•79 

(•97) 


(•75) 

•98 

•78 

•99 

.. E 

-77 

1-00 

(■76) 

accident 

F 

•79 

•97 

•81 

•98 

.. G 

•79 

•98 

1 .77 

1-00 

H 

(•82) 

100 

(•82) 

1-00 

.. J 

•78 

(1-05) 

•81 

100 

Mean 

•790 

•995 

1 

•795 

'995 

Pair A 

♦774 

1 

(1019) 

•798 

1-008 


•783 

1-007 

•786 

•978 

„ c 

•784 

•988 

•813 

•989 


•809 

•989 

•796 

•989 

.. E 

•788 

1-000 

•798 

1-000 

.. F 

•796 

accident 

•77H 

(•841) J 

Mean 

Mean obtained by 
I'apid combustion 
of phosphorus in 
Exp. XIX 

•789 

1 

1 

1 

1 

•996 

1 

1 

! -795 

1 

1 

[ 

1 

•791 

•993 ! 

4 


7. The properties of the gases left after the action on 
moist air of (1) phosphorus, (2) iron are the same, but 
differ from those of the original air. 

Both Rutherford and Priestley liad investigated this gas, 
whicli the latter named ‘ phlogisticated air ’; Scheele es¬ 
tablished the x^oiiits which differentiate this *air’ from common 
air (see autCy p. 144), viz. its inability to support combustion 
or respiration, its lower density and smaller solubility in water. 



The part which Air plays in Combustion 169 

Experiment XXII. The examination of the properties of (a) air, 
(i>) the gases residual after the action on air of (1) phosphorus, (2) iron, 
involving incidentally the measurement of gaseous densities. 

Fig. 41 shows an apparatus suitable for preparing and 
storing larger quantities than those produced in the pre¬ 
ceding experiments of the gases it is intended to investigate, 
and for the transference of these gases at an easily regulated 
rate into other smaller vessels. 

The qualitative tests by which these gases are easily and 
conclusively differentiated from ordinary air and from carbon 
dioxide respectively are : 

(i) The action on a lighted taper. 

(ii) The action on lime Avater. In this test it is of course 
essential that any water used in the preparation of the gas 
should itself be free from carbon dioxide (seey^os^, p. 172). 

(iii) The density. The most conclusive demonstration of 
the identity of the two residual gases and of their difference 
from the original air is afforded by a determination, or even 
a mere comparison, of the densities of the three gases. 

The subject of gaseous densities is one of such imi)ortance 
to the chemist that its consideration, both from the theo¬ 
retical and the experimental point of view, must loom large 
in any course dealing with the general principles of the 
science. In the introductory chapter the experimental de¬ 
termination of the densities of hydrogen chloride and chlorine 
has been dealt with incidentally during the consideration of 
the large Tuunber of assumptions made in a students’ experi¬ 
ment of this kind ; in these measurements the density of air 
Avas required as an antecedent datum. In order not to 
interfere with continuity in Avhat is our real object at this 
point, viz. the investigation of the essential features of com¬ 
bustion in air, it seems best to relegate to an appendix at the 
end of this chapter the more comprehensive consideration of 
the subject of gaseous density as a whole. For our imme¬ 
diate purpose the description of apparatus and directions for 
procedure appended to fig. 41 should provide .sufficient infor¬ 
mation concerning the conduct of the simple experiment by 



Apparatus for the preparation, the storage and the delivery of the gas residual after the action 

AIR of 

IRON PHOSPHORUS 
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which it is usual for students to determine the density of 
gases such as air and its components, or nitric oxide, or 
carbon monoxide, all of which are only slightly soluble in water 
and which may therefore be weighed in flasks made vacuous 
by the boiling of water. Moreover, a great many of the 
current text books contain descriptions of this experiment^ 

Procedure. 

If, as is the case at Cambridge, the tap water contains much chalk and 
carbon dioxide, coniplications likely to arise—such as the production of 
niilkiness in testing the residual gas by shaking up with lime water—must 
be prevented by using distilled water, or if this is not available tap water 
which has been boiled in an open vessel for at least a quai-ter of an hour, 
then allowed to cool, and finally siphoned (or poured) off from the solid 
sediment. 

Take out the cork C from unscrew the clip F, and lower until, 
when the levels of the water in the two vessels have automatically become 
the same, the water in A stands only a little above the tubiilurc; mark this 
level. Close the clip F, and jnish in the cork C uith all its attachments, 
the clip G being open, and the tube // dipping under the water in the 
trougli; close the clip G. 

In the case of phosphorus, whilst the procedure so far is identical, it 
is further necessary to wire in the cork carefully and to keep the clip F' 
closed until the violent part of the reaction, due to the bursting into flame of 
the phosphorus, is over. Two to three days arc needed for the completion 
of the action of the iron. Mark the level to which the water has risen in.i4, 
and roughly evaluate the volume decrease suffered by the air. In proportion 
a.s gas is withdrawn from Ay boiled-out water should be added to B to 
replace that which has been used to drive out the gas. 

In spite of the i)recauti«)ns above indicated, there is the danger that 
outside air may leak in or gas leak out at the cork C. To minimise this, it 
is desirable that, except whil.st we are actually drawing upon the gjis supply 
in Ay the position of B relatively to A should be such that the levels of the 
water contained in the two vessels are as nearly as possible the same. With 
this ijrecaution, commimication between the gas inside and outside A is 
retluced to diflusion through the small apertures in and round (7, and the 
effect is negligibly small, owing to the small difterence in the density of the 
two gases, a difterence which at the beginning of the experiment is nil. 

The manipulation required for the evacuation of M should be obvious 
from the description of the apparatus. After having been cooled to the 
temperature of the room, it/ i.s carefully weighed and then ftllcd with the 
gjis uiuler investigation. For this purpose some gas is allowed to pass 

> Ramsay, Chemical Theory, § 24, p. 26; Perkin and Lean, Introduction to 
Chemistry and Physics, 1909, vol. ii, pp. 112, 113 ; Fenton, Outlines of Chemistry, 

I). 16. 
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through J" and K, after which L is closed. R is then removed, the india- 
rubber tube O slipped over the gasometer delivery tube, the pinch clip P 
is opened ; after this L is opened very cautiously. With the level of water 
in B higher than that in A, it follows that when equilibrium Inis been 
established the gfas which has passed into M will be at a pressure slightly 
greater than that of the atmosphere. Close P and Z, detach the flask M 
with its fittings from the gasometer, open the clip P for an instant to 
make the pressure of the gas in B equal to that of the atmosphere, insert R 
and weigh M again. Read the thermometer and barometer. Find the 
volume of the water containe<l in M and also its total volume. 

Record of results. 

A. Specimen of note-book entry. 

Properties of: 

Gas residual after the action 

on air of ! 



Air 

Iron 

Phosphorus j 

i 

(i) Action of lighted taper | 

1 

1 continues to 

goes out 

% 

\ goes out : 

1 

1 burn 

(same as in carbon dioxide) 1 

(ii) Action of lime water j 

1 produces no 

produces no 

produces no ' 


1 turbidity 

turbidity 

turbidity 


1 1 
1 1 

(ditference from carbon dioxide) ' 

(iii) Density, i.e. weight in i 




grams of 1 litre of 
the gas at 0* C. and 
760 mm. 

1-293 

1-23 

1-25 


The table on p. 174 indicates the various measurements 
and the calculations that require to be made in determining- 
the density of the gas. 

No inference concerning identity or difference in the three 
kinds of gas investigated will be valid unless we have some 
idea of the experimcnttxl error, /.r. the difference between 
the results obtained in successive measurements for the same 
gas, and comj)are tliese differences witli those between tlic 
mean values obtained for each kind of gas. Though witli a 
carefully thoiiglit-out plan for the dovetailing of the various 
operations involved, and the table ready prepared for entei ing 
the different measurements, the task should not really prove 
very formidable, yet tlie time at the disposal of tlie average 
student will generally not be sufficient to allow him to 
make several such density determinations, and consequently 
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the whole class, or sections of it, will have to work as a 
syndicate. 


Determination of the density, i.e. the weight of 
lOOO grams at O^C. and 760 mm. of: 




Gas residual after the action 



on air of 


Air 

Iron 

Phosphorus 

Wt. o£ flask and fittings, and 




water from which by boiling 
all the air has been expelled... = }Vi 

100-1125 

107-999 

121-5115 

TVt. of the same flask after the 




gas investigated has been ad¬ 
mitted . —11% 

100-6650 

108-419 

121-9275 

Temperature . — e 

12-8® C. 

19-1® C. 

16-2® C. 

Barometer . — D 

Tension of aqueous vapour at 

758 mm. 

771 mm. 

768 mm. 

temperature t . —r 

Vol. of residual water in the 

11-0 

16-4 mm. 

13*7 mm. 

flask. ~Vi 

15‘6 c.c. 

16 c.c. 

13 c.c. 

Total vol. of the flask . — 1% 

Vo), of gas admitted at tempera¬ 

470-0 o.c. 

375 c.c. 

366 c.c. 

ture t, and which together with 
the aqueous vapour in the 
flask exerts pressure B ...= Ko - 1% = T 

454*4 c.c. 

359-0 c.c. 

353 c.c. 

Vol. of gas calculated to what it 




would be at 0° aud 760 mm. 




273 

426-8 

333-6 

330-9 

2734 t " 760 

Wt. of the above vol. of gas= 11% - iri= IV 

0-5525 

0-420 

0-4160 

, , ( 11 %-ir,) 1000 

.-.deisit, of gas 

1-294 

1 -259 

1-257 

273%,- 760 

4 




The illustrative experiments, which for the sake of clear¬ 
ness have been arranged in a somewhat arbitrarily chosen 
system of classification under seven headings, cover all that 
had been established, all that was known on the subject of 
combustion prior to the discovery of oxygen. In the his¬ 
torical section {ante, p. 142) emphasis was laid on the fact 
that tliese data were insufficient; that before the problem of 
the nature of combustion was solved, before it could be solved. 
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the gas absorbed during combustion had to be regained and 
its properties investigated ; thus, and thus only, could support 
be obtained for the hypothesis^ that the substance burnt 
had combined with a portion of the air. 

8. The increase in the weight of the burnt substance and 
the decrease in the weight and voliune of the air are 
due to the combination of the burning substance with 
a constituent of the air; air is made up of two con¬ 
stituents, one of which is Priestley’s dephlogisticated 
air (Scheele’s ‘fire air,’ our oxygen), and the other the 
gas whose properties have been investigated under 7. 

It is owing to the difficulty of regaining from the burnt 
substance the substance with which it has combined and to 
M'hich it owes its increase in weight that the elucidation of 
the nature of combustion presented such formidable difficul¬ 
ties, and took so many centuries to accomplish ; and for this 
same reason this crucial point cannot be satisfactorily illus¬ 
trated by a students’ experiment. A full account has already 
been given of Lavoisier’s classical experiment on the quanti¬ 
tative syntliesis and the complete quantitative analysis of 
mercury calx {ante, p. KiO), in which from the substance 
he had made by heating mercury in air he regained the 
original mercury and a gas which proved a better supporter 
of combustion than air, and which when mixed with the gas 
residual after combustion reproduced a substance identical 
with the original air. Some years earlier Scheele, working 
independently with the same substance {meveurius precipi- 
tafus per se), had demonstrated the same facts aiul dra^^^l 
the same inference from them. What constitutes the great 
superiority of Lavoisier’s Iiandling of the same subject is that 
by working <piantitatively he could prove, not only that a 
certain gas contained in air is absorbed, but also that this is 
all that happens ; by accounting for all the loss in the volume 
and the weight of the air, for all the gain in the weight of the 
mercury, by the volume and the weight of the gas regained 


^ Concerning an alternative and equally possible hypothesis, see post, p. 179. 
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from the burnt mercury, the possibility of the reaction being 
of a more complex nature was eliminated. 

Lead when heated in air yields a yellow, easily fusible calx 
named litharge ; litharge when carefully heated for a consi¬ 
derable time in air at a temperature between 300 and 400° C\ 
is changed to the brilliantly coloured red lead, which when 
heated to a still higher temperature gives the original litharge 
together witli a gas which is a better supporter of combustion 
than ordinary air. This cycle of changes is capable of being 
fairly easily demonstrated, and often forms the subject of 
a students’ qualitative experiment; it is an experiment well 
worth doing in this form, provided that we realise clearly its 
limitations and its insufficiency. For this experiment to 
supply, as is done by Lavoisier’s experiment on mercuiy 
calx, all the links required in the completion of the chain of 



Fij;. 42 rt. 

C. Iron tray containing Jitharge 
which when lieated gently for 
some hours is converted to 
red lead. 



A. Test-tube containing red lead, heated 
strongly by a single burner. 

B. Glowing splint to test for oxygen. 


evidence, it would have to include: (i) the synthesis of the 
litharge in a confined volume of air, or other indirect proof 
(probably more complicated) of the relation between lead 
and air in the formation of the litharge, and (ii) the study of 
the quantitative relations occurring in the decomposition 
of the red lead. Such an experiment involves no inherent 
insurmountable difficulties, but at best it would be a very 
laboiious undertaking, requiring more time and skill than 
the average student is likely to possess at tlie stage when 
the subject of combustion is presented to him. 
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Experiment XXIII. The preparation of oxygen from air by the use 
of lithaige. 

Some finely ground litharge^ (about 10 grains) is spread on a thin iron 
sand tray and heated by a flame from a rose burner so arimiged that the 
tip of the flame is about a millimetre from the tray (fig. 42 a). At intervals 
of about 20 minutes stir so as to present fresh siuTaces to the action of the air. 
When the powder has become deep red, and does not appear to change 
further, stop the heating, put some of the finely gi*ound substance into a 
small hard ghiss tube, heat very strongly, note the colour change and test 
for oxygen in the usual manner with a glowing splint (fig. 42 b). 

III. Interpretation of the various phenomena observed 
in the study of combustion and illustrated by the 
experiments dealt with in the preceding section. 

The summation of the facts derived from the experimental 
study of combustion as set forth in the preceding section 
satisfactorily and completely elucidates the nature of the 
process ; practically nothing remains to be said about the 
manner in which this is done. It has been shown incidentally 
how, from purely empirical considerations, there has emerged 
the recognition that combustion consists in the combination 
of the burning substance with a portion of the air, that 
another portion which does not support combustion is left 
behind, and that the distribution of matter before and after 
the reaction can be represented by : 

Combustible substauco 4* Air == Burnt substance 4 - 3 

composed of the two composed of the combustible 
portions A and li substance + .-1 

But a very great deal could be said, and something must 
be said, about the manner in which ‘interpretation’ is carried 
out in the ordinary kind of elementary course, in which the 
learners have become acquainted by means of illustrative 
experiments Avith a more or less limited number of the facts 
pertinent to combustion—some would say, have ‘discovered’ 
them. Combustion, including as it does the composition of 

‘ The reaction will occur more readily if iu place of the commercial litharge 
we use freshly precipitated hydroxide or basic carbonate, which in the first stage 
of heating would bo changed to litharge. These substances can be easily 
obtained by the addition to a solution of lead nitrate (or lead acetate) of either 
ammonia or ammonium carbonate, followed by the tilteri«jg. washing and drying 
of the precipitate obtained. ® 


F. 0. 


12 
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air, is a very difficult subject to deal with by a purely induc¬ 
tive method; the problem presented is very complex, as is 
proved by the length and the circuitous nature of the path 
which led to its eventual elucidation. Hence if we wish to 
follow in its presentation the historical method, great demands 
must be made on the logical powers of the learners, who when 
the moment comes for final co-ordination and inference, must 
keep in mind for simultaneous survey a considerable number 
of facts, the establishment of which has involved experimental 
work great in amount and most varied in kind. 

Moreover even to siij^ply the necessary data for this 
difficult mental process, a very great deal must he told. It is 
very unusual to hear of a class retreating Lavoisier’s experi¬ 
ment on the quantitative synthesis and analysis of mercury 
calx*, and yet—as has been pointed out already—without the 
data supplied by tliis experiment the evidence is incomplete, 
and the drawing of any conclusion an impossibility. Admitting, 
then, that the matter dealt with in paragraphs 1 to 7 of the 
preceding section represents the maximum of what can he 
comprised within the scope of students’experiments—probably 
this is a very great deal more than what is actually done—let 
us try to put ourselves in the position of a person who Icnows 
thus much and no more. As a matter of fact we all do 
know about oxygen and nitrogen and air; hence it is not 
easy to follow strictl)' the heuristic method in this matter, 
and experience has shown that without a considerable amount 
of ‘ telling,’ the pupil will not be able to draw the correct 
conclusion. Moreover it has been pointed out® that at this 
stage two hypotheses are possible, that there are two ways of 
accounting satisfactorily for all the facts enumerated : (i) air 
is a complex substance (compound or mixture), part of which 

> Such work as is clone with this substance is of a partial and inadequate 
nature only, and is often looked upon merely as supplying additional proof, 
whilst in reality it is the pivot on which the whole matter turns. Thus, “ the 
formation of oxygen by the action of heat on red oxide of mercury ” (here it 
would seem that the composition of this substance is supposed as known—how 
has this knowledge been obtained?) “gives further evidence as to the coniposi- 
tiou of tl^e air.” 

- 11. Wiuderlich, Logili in dcr Chemie. 
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is absorbed by the burning substance, whicli thereby is 
rendered more complex and heavier. Tliis is the explanation 
with which we are familiar, and which somehow we have 
come to look upon as the only possible one ; but thei-e is 
another equally justifiable on logical grounds, viz.: (ii) whilst 
air is a simple substance, the combustible substances are all 
compounds containing as their common constituent the gas 
which is left behind after combustion, and M'hich in the 
process of burning is exchanged for the air. Air is absorbed 
as a whole, and its weight being greater than that of the gas 
liberated, the burnt substance, though not more complex, is 
heavier than the combustible substance. The reaction would 
in this respect be absolutely analogous to a great many well- 
known and simple ones, such as the expulsion of silver by 
zinc from any silver salt, of hydrogen by magnesium from 
any acid, of iodine by chlorine fi’om any chloride, of chlorine 
by iodine from any chlorate. And it would explain satis¬ 
factorily every one of the facts observed : the increase in 
weight on calcination, the air absorbed being heavier than 
the nitrogen liberated (just as magnesium sulphate is heavier 
than hydrogen sulphate); the corresponding decrease in the 
weight of the gas present; the limited and definite powerwhich 
air has of supporting combustion; the identity in amount and 
kind of the residual gas. The regaining of the gas absorbed 
supplies the crucial test required for deciding between these 
two possible explanations, and for substituting for two equally 
adequate hypotheses actual definite unambiguous knowledge. 
But it would seem that in the interpretation of what are 
currently called “the learner’s own results”—in reality ex¬ 
pected results carefully arranged for’—there must be a serious 
flaw in the reasoning, the impression being conveyed that 
some definite conclusion has been arrived at. 

Ilow is it that so few teachers realise this; that for the 
last quarter of a century so many of them have blindly 
followed fashion and have assigned to a subject so difficult 

* Even to the extent of finding that burning magnesium in air decreases the 
volume by 1/5, which if it does happen can only be due to a chance canceUing 
of errors. 


12—2 
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and complex as combustion a place quite at the beginning, 
or at least very near the beginning, of the chemistry course ; 
that they are devoting a disproportionate amount of time to 
it, considering the inevitable inadequacy of the final result ? 
What is the nature, what the origin of a delusion which 
culminates in such statements as the following: “The con¬ 
stituents of air are thus discovered, and on further investiga¬ 
tion of the metallic oxides the traditional methods of preparing 
oxygen are discovered and the work of Priestley and Lavoisier 
discussed ” ? “ Here the history of Priestley’s and Lavoisier’s 

experiments is given in confirmation (!!) of the learner’s own.” 
Could anything be more unscientific, more subversive of in¬ 
tellectual honesty than all this make-believe about discovery, 
tliis pretence about young people emulating the achievements 
of the heroes of chemistry ? Surely one may be allowed to 
wonder why, if at such an early stage they discover and 
elucidate such obscure phenomena, they do not go on later to 
discover things quite simple but new. Moreover the pernicious 
effect of pretending to discover things de novo, wlien all the 
time the process is really dominated by the teacher’s know¬ 
ledge of what the facts are, clearly appears in the conventional 
treatment' of that aspect of combustion M'hich is dealt with 
under 6, viz. the volume change produced in air by the 
burning of phosphorus, or magnesium, or copper, or iron. 
The course generally followed uses this experiment as a link 
in the chain of evidence required to elucidate the nature of 
combustion and the comiiosition of air ; the result is almost 


1 It makes one wonder how this mistake has taken such firm root and 
become as prevalent as is the case. Thus in an elementary text book deservedly 
very popular, the usual experiments on the determination of the volumetric 
composition of air aud of nitric oxide arc given. In each case the oxygen is 
removed—in the case of the air by tbe action of phosphorus, in the case of the 
nitric oxide by heating in the gas a metal such as iron—and the volume of the 
residual gas is measured. The experiment with air precedes tbe recognition 
that air is a mixture; how then are we to account for the discrepancy in the 


interpretation of the results? 

“ I/O of the air has been taken out 
by the phosphorus, therefore IJo of 
the air consists of oxygen, which is 
one of the chief constituents.” 


“Tiie volume of the nitrogen left 
is exactly 1/2 the volume of the original 
gas; this liowever does not tell us 
anything about the volume of oxygen 
in the compound.” 
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invariably stated in the form: “A gas measuring 1/5 the 
volume of the original air is witlidrawn ”—an inference per¬ 
fectly unjustifiable in the circumstances. Here the assumption 
is made that volume, like mass, is an additive property, which 
however is true only for mixtures, and hetice the above 
inference concerning the volume of gas removed can only be 
justified on the ground of previous knowledge concerning the 
nature of air—a beautiful instance of argument in a circle. 
The same reasoning applied with equal legitimacy to the case 
of other gases would lead to some strange results. That the 
gas nitrous oxide (laughing gas) supports combustion has 
been mentioned in a ijrevious chapter {unte^ p. 120). If the 
oxygen to which it owes this property is withdrawn, and the 
volume of the residual nitrogen is measured, this is found 
equal to the volume of the original gas. What is the volume 
of oxygen withdrawn? Unless a case is made out to show 
an essential difference from that of air, the answer would be 
‘ nil' Again, supposing we devised an experiment in which 
ammonia gas is decomposed by the action of heated magnesium, 
which fcididrairs the nitrogen, we should find the volume of 
the residual gas 1.^ times that of the original ammonia, and 
the inference would be that the magnesium ha<l (jiven up 
some gas. Examples need not be further multiplied. It 
must be due to the prevalence of this error that students at 
a later stage so often have difficulty in grasping the fact that 
in order to find the volumetric composition of a gas c which 
is made up of the gaseous constituents a and h, two equations 
are required for giving the values of 

a : h and of (a + i;): c*. 

However much one generation of students may differ from 
another in attainments or ability, one thing may be safely 
predicted : namely that when determining a, the volume of 
hydrogen obtained from a known volume of hydrogen chloride 
c, the majority will in their written records of this experiment 
almost go out of their way to add that the volume of chlorine 
withdrawn is — 

Is it permissible to stoi> at this point, or is it the writer’s 
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duty to supplement destructive criticism by constructive 
suggestions as to the Svhen' and the ‘how ’ of the treatment 
of combustion in elementary teaching? Another very long 
chapter would be required to do this at all adequately, and 
to devote so much space to what after all in the scheme of this 
book is a digression, would be unjustifiable. Epitomising 
what has been expressed or implied in the preceding pages, 
and adding to it what is required to fill in a mere outline, 
the following list of warnings and recommendations emerges: 

-The inti’oduction of the subject at a very eai’ly stage is a 
mistake; the final results will be much better if the learner’s 
leasoning power is first deveIoj)ed by exercise on simpler 
tasks. Each of the various aspects of combustion can be 
dealt witii bj^ itself as an expei-imeiitally verifiable fact, and 
us such affords excellent opportunity for observation and 
reasoning within a circumscribed area of manageable size. 
How many of these ‘sections* are dealt with at any one 
stage must depend on the special conditions, such as the age 
of tlic learners and their previous training. Coinpreliensive 
treatment of the whole subject at one stage is only justifiable 
under exceptional circumstances, such as Avhen the learners 
are fairly mature in mind and can give a considerable amount 
of time to the study of chemistry. Otherwise the matter 
drags, and by the end of the term, when it comes to sum¬ 
marising the whole M'ork, the parts done at the beginning 
will have become vague and shadowy. 

It must moreover be clearly recognised that, when we 
begin to explain the nature of combustion, to make the 
argument complete the exijeriments done by the learners 
and those shown them imtat be supplemented by things 
merely told, by an account of the results obtained by the 
‘experts.’ Whether the ‘telling’ is restricted to the least 
possible, or whether things are told which by the expenditure 
of more time might be illustrated by experiments, must again 
dcpeiid on the special conditions. The writer here ventures 
to express the personal opinion that vivid recognition and 
appreciation of the reasoning involved can be attained, and 
that considering all that is at stake, it may be well worth 
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while to do a little more thaii the minimum amount of ‘telling.’ 
Of course it is assumed that the ‘telling’ is done well, not 
always an easy matter. 

The historical method of in-esentation, i!i which the 
attempt (not always successful) is made to suppress artificially 
all knowledge of the existence and the properties of oxygen 
until the end*, is in many respects inferior to the alternative 
one, in which oxygen and air are from the outset treated 
side by side, and knowledge concerning the nature of co\u- 
bustion and the composition of air is arrived at through a 
comparative study of the behaviour and the effects produced 
by oxygen and air respectively. This path to the goal, which 
is a much shorter one, is as a matter of fact followed by quite 
a iiuiuber of writers of text books and by many teachers. The 
crux of the method consists in the devising of a really suitable 
and yet simple experiment for showing that, as regards the 
burnt substance, the result—qualitative and quantitative—is 
the same whether ox3’gcn has been used or air. 

To those who would urge that the historical method is 
preferable on the a priori ground that students of science 
should be made to retrace the paths by which discoveries 
have been made, the writer would reply that even if such a 
plan could be consistently adhered to, 3’et when, as is so often 
the case, these paths arc long and devious, it is better to take 
the sliortest waj' to the goal, this being after all a way by 
which the discover^^ might have been made^ * 

This chapter has grown to an inordinate length : ina^" it 
not be urged in extenuation that the subject of combustion, 
of fire, of flame, is one Avhich from earliest times has loomed 
large in almost ever}’ department of human life, in every 
man's daily practical activities, in the mythology of all races, 
in the poetic imagery of all nations, and last not least, in the 
building up of the edifice of science ? 

' Some go even further than this, anil try to convey the impression that 
proceeding thus the learners are led to discover oxygen. 

- Cf. Winilerlieb, Lvyik in der Chemie. 
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APPENDIX TO CHAPTER IV 

Ctaseous density : what ft Is and how it is measured. 

Density being defined as tlie mass of unit volume, the 
numerical value will of course depend on the units used for 
weight and for volume, and a statement of what these units 
are should always be given, thus: Density of air = 1*293 grams 
per litre, the gram and the litre (1 litre = 1000 c.c.) being the 
units usually employed in the case of gases. It must be a 
matter of regret that for some I'eason unknown, in the case 
of gases * density ’ and ‘specific gravity'(= relative density) 
are not i-igorously and consistently differentiated. Specific 
gravity (or relative density) being defined as the ratio be¬ 
tween the weight of any volume of the substance considered 
and an equal volume of an arbitrarily chosen standard, is a 
2 >uro number, the value of which does not depend on tlie 
units of weight and of volume used, but does depend on the 
standard selected ; hence just as the statement of the value 
of a density should include that of the units used, so the 
statement of a specific gravit 3 ’ should include that of the 
^itandard to which it is referred. Whilst for solids and liquids 
the standard is always water (either at 0® or at 4®, which 
latter is the tenq^erature of its maximum density or at some 
other dcfinitel}^ si>ecified tejuperature, such as IS'’ or 20®), in 
the cases of gases there is no such uniformity : at one time 
the standard gas was air = 1*000 ; then hydrogen = 1*000 
became the standard ; now it is customary to use oxygen 
= 16*000, which is equivalent to hydrogen = 1*0076, thus : 

Specific gravity of nitrogeUo^^.^^.^^j^^.^^ = 14*003. 

But though specific gravit 3 * (or relative density) is the 
correct designation for the value 14*003—the corresponding 
value for the density being 1*251 grams per litre—it has 
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become customary to substitute the term ‘ density ’ for ‘ spe¬ 
cific gravity ’; this is practically always done in the case of 
the so-called * vapour densities/ that is, the relative gaseous 
densities of substances which at ordinary temperatures are 
solids or liquids, and for which the determination of this 
constant involves special arrangements for volatilisation at a 
suitably high temperature. A critical inspection of any special 
numerical value given will generally show clearly what is 
meant, whether the real density (weight in grams of 1 litre 
or 1 C.C.) or the specific gravity (density relative to that of 
one or other of the current standards) ; but it is a pity that 
there should be an}" such uncertainty. 

Since as a matter of fact all the determinations of the 
specific gravity of gases or vapours consist in the actual 
measurement of the (real) density, the transformation into 
the specific gravity value being a mere matter of additional 
arithmetic, the scope of our considerations is correspondingly 
narrowed. 


In the expression density />= i ^ = tt-, of the two 

terms involved W is a quantity which experiment has shown 
to be practically unaftected by physical conditions : the 
Aveight of a definite amount of matter, say a piece of glass or 
a certain volume of hydrogen chloride confined in a flask, 
remains the same whatever ma}" be the alteration in tempera¬ 
ture or pressure (provided of course that the effects due to 
changes in the buoyancy of the surrounding air liave been 
counteracted or allowed for*). This is not the case with the 
other term F, the volume, which alters with variations in 
temperature and pressure, the amount of change produced 
depending on the state of aggregation and on the specific 
nature of the substance. Thus for gases the effect is very 
much greater than for solids and liquids, is in fact of a different 
order of magnitude, thus : 


Steam Liquid Water Ice 

Coeflicient of expansion *00330 *00043 *00011*25 

(mean value between 0^ and 100^) 


' Glazebrook, Hydrostatics, p. 103; see also ante, Introductory, pp. 17, 21. 
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Moreover tliough accurate measurement reveals distinct 
specific differences, j'et to a first approximation all gases 
behave alike under variations in pressure (Boyle’s law) and 
vaiiations in temperature (Charles’ law), the relation being 
expressed by the equation 

T7 _ Tr ^73 + t 760 

\vhere is the volume at O'* C. and 760 mm. pressure. No 
sncli simple I'elation exists for solids and liquids, each sub¬ 
stance having* its own coefficient of expansion, the extreme 
values showing considerable differences ; tlie coefficients of 
compressibility are specific also, but so much smaller in 
amount that in any but the most accurate Avork the effect of 
pressure on the volume of a solid or a liquid is neglected. 


IMCean coefficient of cubical expansion between 

O’ and lOO’C. 


SoUds 


Carbon (diamond) . *0000360 

Platinum . *0000267 

Gold . *0000417 

Copper . *0000501 

Brass. *0000567 

Lead . 0000828 

Glass (flint). *0000234 

Silica (fused) 0® to . *0000013 


Liquids 


Water . *00043 

Ethji Alcohol . *001244 

Chloroform . *000610 

Bromine . *001348 

Mercury. *000180 


Gases 


Air. *003670 

H^’drogen. *003661 

Nitrogen . *003670 

Oxygen. *003674 

Carbon dioxide . *003710 

Suljjhur dioxide. *003903 
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The bearing of tliese relations on the subject of density 
determinations is that in the case of solids and liquids the 
statement of the value for any special substance must be 
accompanied by a statement of the teinperature to which it 
refers, thus : 


Density watcr^^.^, —0*99862 gram per c.c., 

and that in the case of gases either the temperature t and 
the pressure p must be stated, or the value found for tem¬ 
perature t and pressure p must be calculated to what it would 
be at 0“ and 760 mm. on the assumption of the applicability 
of Boyle s and Charles’ laws. Thus, if it had been found that 
at 16® C. and 764 mm. pressure 0*248 gram of oxygen occupies 
177*5 c.c. 

W 0*248x1000 , 

— = T37grs. per litre, 


ami 73imm. 

and 

A 


15 C.i 751 mm. 


177*5 


W 


0*243 X 1000 


Vo 


177*5 X 


273 


273 4-16 ^ 760 


7rT7=l*46 

/o4 


>> 




Hence the determination of a gaseous density /> involves the 
making of four measurements, viz.: ir, a weight; F, a volume; 
jf, a pressure ; t, a temperature. These four quantities are 
so related that if the gas is brought into conditions in which 
the value of any three of them is arbitrarily fixed, the fourth 
will have a certain definite fixed value; thus a certain weight 
of gas, confined under a pressure and at a temperature 
arbitrarily fi.xed, a.ssumes a definite volume. (Findlay, The 
Phase UtdCy 3rd ed., 1911, pp. 14 ct scq.\ Ostwald, Prineijdes 
of Inonjanic Chemistrip p. 72.) 

It appears then theoretically* that there should be four 
methods differing in principle according as to which of these 
four (piantitics is selected to be the one having a fixed value 
dependent on the values assigned to the three arbitrarily 
variable quantities. In reality, owing to the difficulty, we 
might say the impossibility, of maintaining the temi)erature 
within a closed system for any lengtii of time unaftected by 
that outside—the conductivity for heat of tlie containing 
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vessels leading' to equalisation—the method the principle of 
which M'ould be to ascertain the temperature produced in a 
known weight of gas made to occupy a kno\vn volume at 
known pressure does not enter into practical consideration. 

Another method, the principle of which consists in as¬ 
certaining the jjressure exerted by a known weight of gas 
made to occupy a known volume at a known temperature, 
lias been applied in some classical experiments’, but is not 
used to anything like the same extent as the two remaining 
ones, viz.: 

(i) The determination of the weight of gas or vapour 
filling a known volume at a known temperature and iiressure. 

(ii) The determination of the volume occupied by a 
known weight ot gas at a known temperature and pressure. 

(i) This is the method perfected by Regnault for gases 
{(iKtCj p. IG), and made apidicable to vapours by Dumas. 
A suitable glass vessel is first weighed either full of air or 
empty (made vacuous), and again after filling with the gas 
or vapour. In the first case the density of air requires to be 
known as an antecedent datum. Various plans are resorted 
to for effecting evacuation, c.y. the action of a water punq) or 
a Topler- mercury pump, or absoi'ption by charcoal cooled 
M’ith licpiid air {ante, p. 17), or hy steam {ante, p. 171). The 
density determinations dealt with in detail in the preceding 
chapters illustrate cases of various t^’pes of gaseous density 
determinations based on this principle, and give for each of 
them the measui’emcnts that have to be made and the manner 
of calculating from these data the value required. The ground 
covered by these experiments comprises : (a) Standard de¬ 
terminations : the density of h^'drogeii chloride (evacuation 
effected by cooled cocoanut charcoal), {b) Students’ experi¬ 
ments : the density of air and of nitrogen (evacuation effected 
by steam) ; the density of h 3 ’drogen chloride and of chlorine 

* Morley's determiuatiou of the density of hydrogen, in which a known 
weight of hydrogen, obtained by heating palladium hydride, was received in 
evacuated flasks of known volume, kept at the temperature of melting ice, the 
pressure produced being read by a suitable manometer, is a case in point. 

- Olazebrook, Ihjdrostatics, § 105, p, 196. 
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(density of air used as antecedent datum). As regards the 
application of this method to vapours, the special technique 
of vapour density determinations of such substances as chloro¬ 
form or alcohol by Dumas’ method is described in almost 
every text book\ 

(ii) This method is used for vai)ours in the two forms 
given to it by Hofmann^ and by Victor Mcycr^ respectively. 

In Hofmann’s method we actuall)' measure the volume 
of vapour produced from a known weight of solid or liquid 
by effecting the volatilisation in a confined space over mercury, 
the special advantage of the method being the possibility of 
obtaining the vapour at a lower temperature by working- 
under reduced pressure. In Victor Heyer’s inetluxl, which, 
because of the quickness with which the work can be done 
and the comparative simplicity of the apparatus required, is 
the one most commonly used, we measure the volume of 
vapour produced by the volatilisation of a known weight of 
a solid or' liquid, not directly but indirectly through the 
equal volume of air which this vapour displaces ; the case 
is analogous to that in which we measure the volume of a 
gas evolved in a certain reaction by the equivalent volume 
of water it displaces, e.ff. the volume of carbon dioxide 
evolved by the action of dilute hydrochloric acid on marble. 
As regards gases, the method based on the principle of 
finding the volume occupied by a known weight is of com¬ 
paratively limited applicability, involving as it mostly does 
the possibility of starting with the gas in a condensed 
form, either with a compound which is easil}' decomposed by 
heat, yielding the gas required (c.£/. potassium chlorate or 
perchlorate, which on heating give oxygen, the weight of 
which is found by weighing the salt before and after heating), 

^ Clowes anti Coleman, Quuntitativc Anahjgis, 10th ed., 1914. pp. 484 et scq.\ 
Lewis, I)iorf/tinic Chemintnj, pp. 139, 140; Walker, Iiitroductiun to Piiijsicul 
Chemistry, 6th ed., 1910, pp. 195, 196. 

- Fenton, Outlines of Chemistry, Part i, p. 18,1st ed.; Walker, ibid. , pp. 196, 
197; Watson, Practical Physics, ch. xv, pp. 255 et sey. 

^ Clowes and Coleman, itid., pp. 481 et seq.\ Walker, ibid., pp. 198 et scq.\ 
Watson, ibid., pp. 253 et sey.’, Newtb, Manual of Chemical Analysis, 1903, 
pp. 439 et sey. 
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or Avith a solid Avhich at one temijerature absorbs a consider¬ 
able amount of the gas, which it gives up readily on heating 
{e.g, hydrogen absorbed in palladium, nitric or nitrous oxide 
absorbed in cocoanut charcoal). The determination of the 
density of oxygen given in many elementary courses in which 
a weighed amount of potassium chlorate is the source of the 
ox 3 "gen, which is collected and measured in a graduated tube, 
is a case in point, and shows the measurements made and 
the calculation performed. The same principle underlies a 

Determination (rough) of the density of air. 




Measurement of volume of air required Measurement of volume of air escaping 
to bring back to atmospheric when the compressed air in the 

pressure the air in the partially flask returns to atmospheric pres- 

evacuated flask. sure. 

Fig. 43. 

method of determining tlie density of air wliich, though rough, 
is effective because of its simplicity. It consists in either 
reducing (by means of a water pump) or increasing (by means 
of a cycle pump) the i>ressure of air in a flask of about 1 litre 
capacity, fitted with a good glass stop-cock (fig. 43); the flask, 
thus made to contain air under increased or reduced pressure, 
is Aveighcd, the next measurement being that of the volume 
of air which enters or which escapes Avhen on opening the 
stop-cock the pressure is brought to that of tlie atmosphere; 
the flask, iioav full of air at atmospheric pressure, is weighed 
again. 
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For the sake of completeness another method, not coming 
under the above classification, must be referred to. The 
determination is an indirect one : the gas under investigation 
is evolved in a specific reaction in which a solid obtainable 
in a pure state is one of the reagents, e.g. the production of 
carbon dioxide from pure dry sodium carbonate and dilute 
acid (hydrochloric or sulphuric), of hydrogen from aluminium 
and potash (or magnesium and acid). By determining (a) the 
volume of gas evolved from a kno>vn weight of the solid, 
(6) the loss of weight due to the escape of the gas evolved 
from a known weight of the solid, we obtain the data required 
for finding the weight and the volume of the gas produced 
from the same weight of solid, and hence can calculate the 
density of the gas. 



CHAPTER V 


THE CONSERVATION OF MASS 

Bacon, pre-eminent not only for the power to recognise 
and classify the fundamental principles of the ‘ inductive 
method,’ but also for the clearness and beauty of the language 
in which he urged the cause of the investigation of nature, 
and for the imagery by which he made his appeals so vivid, 
had written circa 1623 : 

Mon slioiild frequently call upon Nature to render her account; that is, 
when they perceive that a body which was before manifest to the sense, has 
cscai>ed and disappeared, thej* should not admit or liquidate the account 
before it has been shown to them where the body has gone to, and into what 
it has been received. 

It was by action based on this principle that, one and a 
half centuries later, supreme success was achieved in the 
elucidation of the problem of combustion, which had so long 
puzzled and baffled generations of enquirers. In all his ex¬ 
perimental work, in all his reasoning, Lavoisier was guided 
by the clear recognition, by the implicit belief, that in chemical 
change there is neither creation nor destruction of matter ; 
and the merit and glory of his achievement are none the less 
because the principle of conservation of mass, which owes 
to him the fundamental and dominant position it holds in 
chemistry, was not a new discovery but an old and generally 
accepted philosophical tenet. 

I. Historical. 

1. The indestructibility of matter assumed axiomatically 
from earliest times. 

All the different schools of Greek natural philosophy 
propounded as one of the tenets of their systems that as 
far as human agency goes, nothing is created and nothing is 

destroyed. 
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Wrongly do the Greeks suppose that aught begins or ceases to be; for 
notliing comes into being or is destroyetl; but all is an aggregation oi* 
secretion of pre-existing things ; so that all becoming might more correctly 
be called becoming mixed, and all corruption, becoming separate. 

(Anaxagoras, c. 450 b.g.) 

Lucretius (08—54 B.C.), acting as the exponent of the 
atomistic philosophy of Democritus (c*. 460—360 B.C.) and 
Epicurus (341—270 B.C.), writes: 

...thelaw of nature whose first princii)le we shall begin by thus stating, 
nothing is ever gotten out of nothing...if things came from nothing, any 
kind might be born of anything.. .nor would time be retpiired for the growtli 
of things. 

According to Plato (427—347 b.c.), the whole of the matter 
available for creation and consisting of tlie four elements was 
by God fashioned into the shape of a perfect sphere: 

Nothing went forth of it nor entered in anywhere; for there was nothing. 
For by design was it created to supply its own sustenance by its own 
wasting. 

During the many centuries when alchemy reigned sui)reme, 
and when owing to the exigencies of the case all pronounce¬ 
ments concerning the fundamental principles on which was 
based the ‘ Art’ were marked by studied vagueness and ambi¬ 
guity, there seems no doubt that the ideas propounded were 
not contradictory to the principle of conservation of mass. 
The alchemists did not pretend that gold could be created, 
but merely that a pre-existing amount of matter could by the 
abstraction of some (pialities and the addition of others be 
changed into the perfect metal gold h Bacon, Boyle, Gassendi, 
the fathers of inductive science, clearly expressed their accept¬ 
ance of conservation of mass as an a priori fact: 

There is nothing more true in nature than the twin i>ropo.sition.s, that 
nothing is produced from nothing an<l nnlhiug is reduced to nothing^ but 
that the al)solute quantum or sum total of matter remains unchanged, 
without increase or diminution. (Bacon, Norani Org/tnnm.) 

It far exceeds the power of mcerly natnndl agents, and c<mse(ineiitly of 
the fire, t() pnulnce anew so much as one atoin of matter, which they can 
but modify and alter, not create ; which is so obviou.s a truth, that almost 

‘ “ The manufacture of gold, or the transmutation of metals into gold, is to 
bo much doubted of. For of all bodies gold is the heaviest and densest, and 
therefore to turn anything else into gold there must needs be conden.sation... .But 
tbe conversion of quicksilver or lead into silver (which is rarer than either of 
them) is a thing to be hoped for.” (Bacon, History of Dense and Rare.) 


F. c. 


13 
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all sects of philosophers have denied the power of producing matter to 
second causes, and the Epicureans and some others have done the like, in 
reference to their gods themselves. (Boyle, 1661 .) 


2. The indestructibility of matter becomes a scientific 
principle. 

...it was loft to Lavoisier^ to transform a philosophical tenet into a 
fruitful scientific j^rinciplo, and to apj>ly it to the interpretation of chemical 
pheimmcna. (Bcrthclot, La JRecolution Chimique.) 

The experimental establishment of the law of conservation 
of mass has followed curious lines: Lavoisier, with whose 
name the law is justly and fitly associated, did not arrive at 
it strictly inductively, by generalisation from a large number 
of cases in which the weight of the substances participating 
in a chemical reaction was compared with the weight of those 
resulting from the reaction. The belief then growing among 
physicists of the imponderable nature of heat^ together with 
the old view of the indestructibility of matter in general, 
supplied him with the basis for an assumption which he used 
with signal sxiccess in the interpretation of the phenomena of 
combustion. The special researches, wiiich rank as classical, 
in the history of his establishment of the law of conservation 
of mass fall into two classes: (i) those in wiiich he proved the 
constancy in weight of a closed system before and after the 
occurrence of a chemical change within the system (the calci¬ 
nation of lead and tin in a closed retort, antCy pp. 149, 159); 
(ii) those in whicli tlie weight of a compound w'as comiiared 
with the sum of the weights of its constituents (the complete 
analysis of mercury calx, ante, pp. 150, 159, and the complete 
synthesis of iron calx, ante, p. 1(53). From these experiments 
he drew deductions concerning the nature of combustion wiiich 
w'ere verified by the formation of air from the two gases oxy¬ 
gen (dephlogisticated air) and nitrogen (plilogisticated air), 
llaving thus deductively proved the validity^ of his fundamental 
assumption, he enunciated it formally in 1/85, that is, after 
the completion of his researches on combustion : 

1 Black’s claim to be considered a forerunner of Lavoisier in this respect has 

been referred to already (Chapter II, p. 82). 

- Boyle had held that ‘ fiery corpuscles ’ possess weight {ante, p. 146). 
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Nothing is created, cither in the operations of art or in those of nature, 
and it may be considered as a general principle that in eveiy operation 
there exists an equal quantity of matter before and after the operation; 
that the quality and quantity of the constituents are the same, and that 
what happens is only changes, modifications. It is on this i>rincii)lc that is 
founded all the art of performing chemical experiments; in all such must 
be assumed a true equality or equation between the constituents of the 
substances examined, and those resulting from their analysis. 

Here, then, we have not only a precise statement of the 
principle of the conservation of mass, but also the first sug¬ 
gestion for its application in the representation by chemical 
equations of the quantitative aspect of chemical change. The 
manner and the extent of the use of chemical eciuations sup¬ 
ply full justification for the assertion that the whole of the 
modern science of chemistry is based on the principle of the 
conservation of mass. With every equation we write m'c 
affirm our belief in its truth ; in every analysis or synthesis 
we assume that the weight t)f a compound C is equal to the 
sum of the weights of the constituents A and By 

B==C-Ay 

c.(j, in the gravimetric determination of the composition of 
water by Dumas’ method, we weigh A, the oxygen used (ab¬ 
stracted from copper oxide), and C, the amount of water 
formed, and infer that 

By the weight of hydrogen combined witli A of 

oxygen ~ C — A. 


II. The experimental basis of the law, and its 

accuracy. 

What then is the experimental evidence for this relatioii- 
ship ill chemical transformations, according to which the total 
amount of matter jiarticipating in ji chemical change is eipial 
to the total amount resulting from it ? Tliis evidence may 
be groujicd under the three following heads : 

1. The correct results of analyses making use of equations 
based on this principle. 

It is usual when analysing a compound not to isolate the 
constituents and weigh them as such, but to estimate them 

13—2 
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in the form of some compound of known composition; every 
one of the hundreds of thousands of such analyses, the results 
of which—within the limit of experimental error—add up to 
100 '’/o, constitutes a verification of the law. Thus Berzelius, 
in his classical research on artificial and native sulphide of 
iron {SUidy of Chemical Composition, p. 166), determined 
the iron -by the amount of iron oxide, and the sulphur either 
difference or by actual measurement of the barium sul¬ 
phate wdiich could be obtained from a given weight of the 
suli^hide, the antecedent data required being the composition 
of ferric oxide and barium sulphate respectively. In the 
analysis of the artificial sulphide he found: 


Iron .= 63*00 7^ 

Sulphur (by difference).=37*0 7o 


„ (actually determined) = 37*1 Vo 

Again, in the analyses of organic substances the oxygen is 
never determined directly, but is calculated fi*om the difference 
between the total weight of substance taken and the weight of 
hydrogen, carbon, nitrogen, etc. found present in this amount; 
the results thus obtained have always been justified by the 
correctness of the deductions drawn from them. Moreover, 
in the estimation of hydrogen in an organic compound, the 
hydrogen is not isolated and weighed as such, but is estimated 
from the amount of water the substance yields on complete 
combustion, the antecedent datum required being the com¬ 
position of water. But until the gravimetric composition of 
water had been established b 3 ^ complete s^uithesis, the per¬ 
centage of hydrogen present M'as inferred from the relation 

Hydrogen = weight of water formed — weight of oxj^gen 
abstracted from copper oxide. 

The experience that in the analyses of hydrocarbons the 
amounts of carbon and h^xlrogen found approximated to 
lUU per cent, in accordance with the skill of the experi¬ 
menter, j>roved the validitj" of the assumption made in the 
determination of the composition of water. 
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2. The results of complete syntheses and analyses, in 
which C, the actually determined weight of the 
compound, is compared with (A + B), the sum 
of the actually determined weights of the con¬ 
stituents. 

A good many such classical investigations.are on record; 
they all have this in common, that they arc experiments not 
specially devised or intended to demonstrate the validity 
or to test the accuracy of the relation Tlieir 

immediate object is to determine with the greatest accuracy 
attainable the value of the ratio which, on the assump¬ 

tion of the absolute validity of the principle of conservation 
of mass, may be done b^’ the measurement of anj’ two of the 
three quantities A, B an<l C. But the measurement of all 
three supplies a test for the degree of success achieved in 
the prevention of mechanical loss, and in the elimination of 
impurities. The effect of mechanical loss and of the presence 
of impurities would be to make the values C'y A\ B' actually 
found different from the true values C, Ay B and so to destroy 
the equality between C and (..1 -{■ B), except in the extremely 
unlikely contingency that the total loss is exactly balanced 
by the total gain, or that losses and gains together affect 
each side of the equation in exactly the same ratio 

/ C A + B\ 

\C'~ A' -\-B')' 

Complete analj’ses and syntheses are becoming more and 
more the order of the day in research of thi.s kind, and the 
importance of understanding their object and nature is so 
great that some further reinai’ks on thi.s subject may be 
justified. The fundamental importance in chemistry of the 
ratio in which hydrogen and oxygen combine together to 
form water, justifies a detailed consideration of the methods 
by which this ratio has been determined. TIic method chiefly 
employed consists in a gravimetric synthesis, in Avliich water 
in the form of steam is produced by the combination of gaseous 
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hydrogen either with gaseous oxygen (Morley*s direct 
synthesis, see p. 199), or M'ith the oxygen provided by 

an easily reducible oxide, such as black oxide of copper 
(Dumas’ method, recently used again in a modified and im¬ 
proved form by Noyes, 2 ^ost, p. 200). In order to produce 
a Aveight of Avater sufficiently great for the effect of the pro¬ 
bable error in the Aveighing not to tell disproportionately, 
tlie A’olume of hj'drogen used, of Avhich I litre Aveighs only 
*090 gram, must be considerable ; hence contamination with 
even a very small amount of air, of Avhich 1 litre weighs 
1 *293 grams (Avhich makes the relative density of air equal 
to 14*4 app#ox.), will pro<luce a comparatively large error 
in the final result. Again, the preA'ention of all loss in the 
absorption of the easily volatilised Avater is a matter of 
considerable difficulty, since the excess of hydrogen Avhich 
escapes tends to carry off Avater vapour Avith it. These are 
only samples from a very long list of probable errors Avhich 
have to be guarded against in this special case. It becomes 
therefore obvious that it is desirable to find some criteria 
Avhereby to judge of the amount of success attained in the 
attempts made to eliminate the various erroi's. If conserva¬ 
tion of mass holds, then C, the true Aveight of Avater, must be 
ecpial to (A B\ the sum of the trucAveights of the hydrogen 
ami the oxygen, and a comparison of the exi)erimcntally 
found A’alue for C Avith its theoretical Aalue {A B) Avill 
supply the required check, the closeness of the agreement 
being a measure for the correctness of all three Aalues, 
provided Ave neglect tlic extremely remote possibility dis¬ 
cussed aboA'e that the errors had affected both sides of the 
equation in the same ratio. 

So much for the object of complete anal^'ses and syntheses. 
But it is perfectly legitimate to reverse the position and to 
utilise the data obtained in such conqffete analyses and 
syntheses for the purposes of proof of the principle of the 
conservation of mass; the assiinoytion made in this case 
being that complete success in the elimination of mechanical 
loss and of impurities has been attained. 

(1) Stas Avas the first to applj' this searching test of the 
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accuracy of stoichiometricaP work in his complete syntheses 
of silver iodide and silver bromide^ and the complete analj’ses 
of silver iodate^ the results of which were published in 1865. 
(For details see Study of Chemical Composition, pp. 65 et seq.) 
For more than a quarter of a century Stas’ work represented 
to chemists achieven\ent so high that it could barely be 
emulated, certainly not surpassed. But towards the end of 
the nineteenth century attention began to be once more 
concentrated on the accurate measurement of composition. 
Equipped with new means for i>urification and improved in¬ 
struments for measurement, chemists succeede<l in bringing 
within the compass of most accurate determination gaseous 
substances which liitherto had presented insurmountable 
difficulties in the matter of purification, collection and accu¬ 
rate weig'hing. In the most important and most reliable of 
such determinations, the example set by Stas has been 
followed, and the analyses and syntheses have been made 
complete, whereby (juite a large number of data has been 
provided which, by an interchange of what is assumed and 
what it is intended to test, can be used as evidence for the 
law of conservation of mass. 

(2) In 1895^ Morley published the results of complete 
syntheses of water, in which weighed amounts A of hydrogen 
and B of oxygen were made to conibiuc in a suitable 
apparatus, and C, the Mater formed, was collected and 

' A term introduced by the German chemist Itichtcr about 1700, to designate 
the quantitative relations between chemically interacting substances, from 
cTOix^ia, the fundamental constituents, and fxirpoi'. a measure. 

* Made by tlic interaction between known wtights of iodine <or bromine) 
changed by treatment with ammonium sulphite into ammonium iodide {itute, 
p. 50), and a known weight of silver chairged by treatment with nitric acid into 
silver nitrate {ante, p. 90). The precipitated silver iodide or bromide is collected, 
washed, dried and weighed, the treatment being in every point analogous to that 
followed in the prepai'ation and collection for weighing of silver chloride {ante, 

p. 100). 

^ The decomposition of silver iodate by heat into silver iodide and oxygen is 
analogous to the decompo.sition of potassium chloiate p. 510), but in Stas’ 

complete analyses, besides weighing the original iodate and the residual iodide, 
the oxygon also was weighed by absorption in a tube containing heated copper. 

* Nature (abstract), 63, 1H9G, p. 42?^; Stndif of Chemical Compo!iitiO)i, 
pp. 72 et aeq. 
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weighed. In 9 experiments a total weight 33*2435 grams of 
liydrogen combined with 263*9387 grams of oxygen, making 
^+^ = 297*1822 grams; C, the Aveight of AA^ater formed, 
AA’as 297*1760 grams, which gives forC —(^+^) the value 
— *0056 gram. 


Gray's Apparatus for the complete analysis of 

nitric oxide. 



B. Glass stopper carrying two thick platinum electrodes EE. 

D, D. Cai)illury ground glass joints. 

E, E. Electrodes connected with and supplying beat to wire wound round 

boat H. 

H. Porcelain boat containing finely divided nickel for decomposition of the 
nitric oxide, surrounded by coil of platinum wire. 

K. Nitrogen absorption bulb filled with powdered charcoal. 

M. Vessel holding liquid air for cooling charcoal. 

P. Glass tap. 

(3) In 1908 Noyes suijplied another set of data for the 
complete gravimetric syntliesis of water. A knoAvn Aveight 
of pure hydrogen, obtained by the heating of palladium 
hydride (ante^ p. 139), Avas burned to AAater by heated copper 
oxide, the loss of Aveight of Avhich represented the oxygen; 
the Avater formed in the copper oxide tube AV'as driven over 
into a receptacle suitable for its complete reteutiou and 
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subsequent weighing (iig. 45, p. 204). The total amount of 
hydrogen, oxygen and water dealt with in C experiments was: 

Hydrogen Oxygen Hydrogen + Oxygen Water formed 

A B + B) C O — (.•! 4- /i) 

21-32179’gms. 169-24165 gms. 190*56344 gms. 190-56240gms. --00104 gra. 

(4) In 1908^ Noyes, with the object of ascertaining the 
ratio hydrogen: chlorine, effected the complete synthesis of 
hydrogen chloride. The hydrogen was weighed absorbed in 
palladium, the chlorine in the form of potassium chloro- 
platinate-; 

the hydrogen is passed over the heated potassium chloroplatinate to 
form hydrogen chloride. The iiydrogeii cliloride formed is eoiulenscd in a 
third section of the apparatus and weighed. 

Hydrogen Chlorine Hydrogen + chlorine 

A B {A + B) 

Total of 11 exps. 6-4192o gms. 225-86022 gms. 232-27947 gms. 

Hydrogen chloride 

C C-{A+B) 

„ 232-27288 gms. - 0-00659 gm. 


(5) Reference has been made in a previous chapter to 
the widening of the scope of accurate stoichiometrical investi¬ 
gations, due to the possibility of purifying gases by fractional 
distillation and fractional crystallisation at temperatures low 
enough for their liquefaction and solidification; the case of 
nitric o.xide Mas specially instanced {ante, Chapter III, p. 140). 
In 1905 Gray published*^ the results of complete analyses of 
this substance. Weighed amounts of the most carefully 
purified oxide M'ere decomposed by finely divided heated 
nickel, the increase in M'eight of M'hich supplied a measure 
for the oxygen abstracted, M’hilst the nitrogen liberated Mas 
weighed by absorbing it in cocoanut charcoal (fig. 44). 


The results obtained M ere : 

Nitric oxide Oxygen Nitrogen 

dffcomposed formed formed Nitrogen + Oxygen 

C A B A + B C-(A-^B) 

2-930.57 gms. l o6-229 gms. 1-36819 gms. 2-93048gms. 4-0-00009 gm. 


* J. Amcr. Cfiem. Soc. 1908, 30, 13. 

- This is the substance obtained in the ordinary test for potassium with 
platinic chloride as a yellow crystalline precipitate, very sparingly soluble in 
alcohol and ether. Heating decomposes it into chlorine, potassium chloride and 
platinum. 

3 J.C.S. 1905, 87, p. 1601. 


« 
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(6) -A- complete analysis of nitrosyl chloride by Guye and 

Fluss (1908)^ is interesting because of the variety of the 
substances used in the absorption of the three constituent 
gases into which the gaseous nitrosyl chloride is decomposed: 


Total of ) 
5 esps. / 


Nitrosyl 

chloride 



Chlorine 
absorbed by 
finely divided 
silver heated 
to about 500° 
B 


2*8380 gms. 1*5364 gms. 


Oxygen Nitrogen 

ab sorbed by absorbed by 
heated heated 

copper calcium 


C 

•6931 gm. 


D ^-(J3+C + X>) 
•6067 gm. +0*0018 gm. 


3. Experiments specially devised and intended to test the 
accuracy of the law of conservation of mass. 

So far the proofs adduced for the validity of the principle 
of conservation of mass in chemical I’eactions liave been 
altogether deductive or indirect, derived from experiments 
not specially devised for the testing of this relation. As a 
matter oi fact, the experiments in wliicli the results of 
complete analyses 'and complete syntheses are tested for 
their approximation to tlic requirements of conservation of 
mass are not well suited for tliis purpose. It is impossible 
to avoid some loss of, or some access to, the matter dealt 
with, and the eftect due to this mechanical loss and introduc- 

* The object of this investigation was the determination of the combining 
weights of nitrogen and chlorine by direct reference to the standard oxygen 
{post. Chap, IX, p. .416). Nitrosj’l chloride is obtained by the interaction between 
nitrosulpburic acid (chamber crystals) and sodium chloride ; it is au orange* 
coloured gas condensing at - 5-6° to a blood-red liquid and solidifying at - 61° 
to a yellow solid. With water it acts in the manner characteristic of the halides 
of non-metals. 

NOCl (nitrosyl chloride) + H^O =HN02 (nitrous acid) + HCl 

(water) (hydrochloric acid) 

rOCl (phosphorous oxychloride)+ 2 H 30 = H3P03 (phosphorous acid) + HCl 
PCI3 (phosphorous chloride) + 3 H._.0 = H3PO3 + 3 HC 1 

POCI3 (phosphoric oxy'chloride + 3 H 30 = H3P04 (phosphoric acid) + 3 HC 1 

PCI5 (phosphoric chloride) + 4 H 20 =H 3 P 04 +5HC1 

C1O3CI2 (chromyl oxychloride) +2H20 = H3Cr04 (chromic acid) + 2 HC 1 

Nitrosyl chloride is quantitatively decomposed by fi nely divided heated silver, 
which completely absorbs the chlorine, liberating all the nitrogen and oxygen in 
the form of nitric oxide. J. Chim. Phys. 6, 1908, p 732. 
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tion of impurities cannot be distinguished from any change 
of weight that might actually accompany chemical trans¬ 
formation. From the close approximation to 100°/^ of the 
results of analyses, which involves the validity of the principle 
of conservation of mass, we know that if weight changes 
occur they must be very small; and hence arises the necessity 
for very special arrangements if such small deviations are to 
be detected. Within the last two decades a considerable 
amount of work has been done on the subject, each new 
publication being a record of success in tracing and elimi¬ 
nating sources of constant error and in the attainment of 
increased accuracy in the measurements made. The common 
feature of all these experiments is: that a reaction is made 
to occur in a closed vessel, the weight of which is ascertained 
before and after; that the accuracy" of the weighings is 
pushed to the furthest possible limits; and that the possibility 
of changes due to changes in i^hysical conditions (chiefly 
differences in volume of air displaced) is most carefully 
guarded against. There is no transference from vessel to 
vessel, with the inevitable attendant loss or gain of matter. 

(1) An experiment of Xo^es, done incidentally to the 
determination of the gravimetric composition of water already 
dealt with (p. *200 and fig. 4o) may be ipioted here, though 
it docs not strictly conform to the type above specified. 

At the bejjhiniug of each tlctermiiiatiou all tlie coimocting tubes arc 
exhausted; when enough hydrogen has been transferred, the cupper oxide 
tube is close<l and the palladium tube cooled, when juactically all the 
hytti'ogeii left in the connecting tube E is re-absorbed by the puUadixini. 

It seemed possible so to carry out the work as to secure some evidence 
with regard to the ijuestion of change of weight in a chemical reaction in 
whicli a large amount of energy is <lissipateil...in 'lo experiments the same 
hydrogen w.as weighed, first as absorbed in palladium, ami second after 
c<»nversi«ui into water by means of the copper i»xide. I’lie results were as 
f»>llows: 

Total of 2u exps., in 14 of which \ Gain Loss 

the hydrogen as weighed in the I of of 

palladium appeared heavier,copper oxide palladium 
while in 11 the hydrogen after ' tube tube 

conversion into water appeared 

heavier / 3G*7229y gins. 3G-72.>G2 gins, -i- 0*00263 gm. 


Dillerence 


(2) Landolt s investigations on the occurrence of change 
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Woyes’ Apparatus for the complete gravimetric 

synthesis of Water. 


Part of the apparatus used for collect, 
ing ond weighing the water formed 
in the copper oxide tube and driven 
over by immersing part of that tube 
lu hot water. 


Part of the apparatus used for the com¬ 
bination of the hydrogen (weighed 
by loss of palladium tube as well as 
by gain of copper oxide tube) and 
the osygen (weighed by loss of 
copper oxide tube). 



Fig. 45. 


A. Palladium charged with hydrogeu; the tube containing it can be heated in 
the same way as the copper oxide tube B. 

B. Tube containing copper oxide. It is surrounded by an electrically heated 
air bath (not shown in fig.) by means of which it can be raised to any desired 
temperature. 

B'. Part of copper oxide tube which projects from the air bath and is sur¬ 
rounded by a coil conveying either cold or warm water, according as to 
whethei the object is to condense tbe water fornied by the copper oxide or 
to drive the water over into another part of the apparatus. 

C. Tube surrounded by freezing mixture of ice and sulphuric acid (not shown 
in fig.), for the collection of the bulk of tbe water in the form of ice. 

D. Phosphorus pentoxide tube for retention of traces of water not condensed 
in C. 

E. Arrangement employed for the transfer of the hydrogen to the copper oxide 
tube. 

* J. Amcr. Chem. Soc. 1907, 29, pp. 1718 et seq. 
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in the total weight of substances undergoing chemical trans¬ 
formation, 1890—1907. 

The special features of this research have been already 
dealt with in some detail in the Introductory chapter 
(pp. 32 et seq.\ the object there liaving been to convey an 
adequate idea of the manner in which constant errors are 
searched for, detected and eliminated, and of the mode of 
interpreting the final results. In 48 experiments, 25 showed 
a decrease, 23 an increase in >veight; in the preponderating 
number of cases the experimental error of + 0‘03 mg.* was 
not exceeded, whilst the average magnitude of the changes 
observed Avas + 0*012 mg. The final inference (already quoted, 
p. 34) was: 


The final result of the whole investigation is that in all the lo decomposi¬ 
tions involved it has not been possible to establish a change of weight. The 
observed deviations from absolute equality before and after the reaction are 
due to external jdiysical causes and arc not the result i>f chemical reactions. 


The average amount of substance undergoing chemical 
change having been 300—400 grains, and the maxinuiin ex¬ 
perimental error ± 0*03 mg., Landolt’s result proved that if 
any real change does occur in the total mass of reacting sub¬ 
stances it must be less than ± 0*03 mg. in 350 grams, that is, 
less than ± 1 in 10,000,000. 

(3) Manley, who in 1912 {Phil. I'rans. 1912 A, 212, 227) 
published the result of a research the same in principle as 
Landolt’s niomimental work, found it i>ossible to effect a 
further reduction of the experimental error, bringing it down 
to -0*000 mg. (one-fifth of Landolt’s value). The results ob¬ 
tained were such as to prove that in the special case investi¬ 
gated, Avhich was the reaction between barium chloride and 
sodium sulphate, if any change does occur it must be less than 
±l part in 100,000,000 parts. RevicAving, then, the whole 
aA’ailable evidence, 


we are led to couclu.lc that this present research has but teiuled to 
conhrm the truth of an almo.st uiiivei-sally accepted belief that a '"ivcii total 
mass IS an unchanging aiul unchangeable <iuantity^. 

1 This was the maximum change observed in blank experiments, i.e. experi- 
ments in which the manipulation of the apparatus was the same as in the 
reaction experiments, but the substances used were such as did not react. 

- The bearing of these results on that most important problem of chemistry 
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III. Students’ Illustrative Experiments. 

It may conduce to clearness in the recognition of the 
principles underlying the different experiments, and to a 
correct appreciation of the scope and the limitation of each 
special one, if we classify them on a plan similar to that 
which has been followed in the presentation of the experi¬ 
mental evidence on which the law is based. 

1. A reaction is made to occur in a closed system, which 
is weighed before and after. 

(1) Combustion of phosphorus in a confined volume of air. 

In the preceding chapter, under II. 4. (p. 160), the burn¬ 
ing of phosphorus in a closed flask, done as a students’ 

which deals with the accurate determination of combining (atomic) weights has 
been thus expressed by T. W. liichards, the greatest living authority on this 
subject : 

“ The subject of atomic weights has acquired new interest recently, because 
of the striking demonstration by Laudolt that the law of the conservation of 
mass holds true to a great degree of precision in common chemical reactions. 
The fact that the sum of the reacting weights remains perfectly constant, within 
the limit of error of the most exact experimentation, strengthens tbc conviction, 
that each of these reacting weights possesses fundamental significance. Evi¬ 
dently no error is committed by calculating one atomic weight by subtractiug 
another from the molecular weight of a substance containing two elements, and 
the whole structure of the table of atomic weights is seen to rest on a satis¬ 
factory basis. 

“ These assurances are timely in view of the extraordinary discoveries con¬ 
cerning radio-activity in recent years. Not a few radical thinkers have supposed 
that these discoveries lessen the importance of exact atomic weight determina¬ 
tions because of the doubt cast on the permanence of the supposed atom, but 
Landolt’.s admirable work assures us that under ordinary circumstances the 
chemical combining proportions are wonderfully permanent, and therefore as 
full of lueauiug as they have been supposed to be. The new discoveries cou- 
cerning radio-activity extend the bounds of knowledge, but in no wise lessen 
the .significance of that which went before.” 

The justification for these doubts on the part of the ‘radical thinkers’ is 
that recent researches have proved beyond doubt that the effects, photographic, 
electric, chemical, physiological, summed up in the term ‘radio-activity’ are 
due to the shooting off* from the radio-active substance of material particles of 
two orders of magnitude, the ^ rays (mass about that of hydrogen atom) 
and the a rays, actually identified as helium atoms (mass about twice that of 
hydrogen atom). 
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illustrative experiment, has been dealt with in detail from 
the practical point of view; in the Introductory chai^ter 
(p. 29) this experiment has formed the subject of a detailed 
discussion concerning (i) the nature and the magnitude of 
the probable experimental error, (ii) the impossibilit}" of 
evaluating the degree of accuracy to which this special 
illustrative experiment can carry us, due to the fact that we 
know nothing about the amount of phosphorus changed ^ 
The tables on p. 1(52 give records of results actually obtained. 

(2) Interaction between solutions in which an easily 
visible effect is produced, e.ij, a colour change, or precipita¬ 
tion of a solid with or without colour change. 


Experiment XXIV. The principle iiiulerlying' these experiments is 
the .same as that in Lamlolt’s ami Manley’s re.search work, and hence the 
reactions chosen mu.st likewise he restricted to such as occur without the 
evolution of a gas or the production of much heat. 

The apparatus used is the extremely simple and effective arrangement 
suggested in Ostwahl, Principfes of [nonjanic Chemistry, 4th cd., 1014, 
j>. •2.>, and which is depicted in fig. 40. The procedure is so simple and 
the sources of error so small in number and so insignificant in their effect-, 
that the results ol)taine<l by a class arc apt to become dull through the 
almost unbroken recurrence of (IhOn for the value of the difference in the 
weight of the closed system bcfiu'o and after the reaction ; <oving to this 
there will be no opening for the .stimulating process of a critical discussion 
of the various likely sources of error, tlie probable vahie «»f each of these, 
anil their combined effect on the final result, a featui’c of the work which 
in the writer’s opinion is the most valuable part of it. The experiment may 
however be useful for any specially backward members of the class who 
rcijuire jxirposefnl practice in weighing and in very simple manipulation, 
as well as the stimulus and enc<»uragemcnt derived from the getting of 
.so-called ‘good results.’ Othcrwi.'^e the experiment will not bo worth 
doing unless we arrange matters .so as to get from it some incidental 
advantage. 

(a) The cla.ss may be led to increase its knowledge of the external 
characteristics of different cheinieal I’eactions by introducing, ucconling to 
a definite system, a great variety in the reactions chostun Along one bench 
there might be a display of precipitates varying in colour from the pale 
yellow of lead chromate through the deeper .shades i>f lead iodide and 


* If however we assume as antecedent data the density of oxygen and the 
volume of it contained in air, and measure the volume of the dask, we cau 
evaluate the transformation of matter which has occurred. 

- Of course only when judged relatively to the accuracy generally aimed at 
and attained in the weighings. 
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ciidinimii sulphide to the reddish bro^vu of silver chromate and silver 
arsenate; whilst along another bench preference might be shown for 
stronger colour effects j^roduced without the simultaneous formation of 
precipitates, such as the change fro!n the orange of the bichromate to the 
green of the chromic salt, of the deep purple of the permanganate to the 
green of the manganate, etc. - 


Investigation of the effect on the total weight of a system 
within which occurs a reaction between silver nitrate 
ferrous sulphate, resulting in the precipitation 
of metallic silver. 



Fig. 4fi. 

A B 

Before the occurrence of the renction. After the occurrence of the reaction. 

Two vessels A and B, as nearly as possible the same in external volume, 

are used. 

M. Erlenmeyer flask of about 150 c.c. capacity, which contains 

N. One of the two solutions for reaction. 

O. Well-fitting solid rubber cork. 

P. Small test-tube which holds the second of the two solutions for reaction ; 
its size is such that it has not room to fall down; it has a piece of cotton 
attached for lowering it into position without spilling the contents. 

(b) A rough estinmtioii may be made of tbe amount of change that has 
occurred, therehy supplying the additional datum required for evaluating 
the degree of aecuracy to whieh the law ha.s been shown to hold ; of course 
when doing the experiment in this form it becomes essential to increase 
the accuracy of the weighings to a degree such that errors in weighing 
begin to tell. The following is a record of such an experiment, in which 
the reacting substances were ferrous sulphate and silver nitrate. 
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Procedure. 

Qimntities of silver nitrate (about 2 gi-tiins) weighed to centigrams are 
put into the small test-tubes ; approximately weighed quantities of feiTous 
sulphate (supposed to be present in excess) are put into the flasks, and 
quantities of water added which will ensure the complete solution of 
the solids; A and B, each with its cork by its side, are then put on the 
two pans of a rough balance and water is added to the one of lesser 
weight until the weights are very nearly the same ; the corks are pushed 
in flrmly. Using tlie best balance available, ascertain with the utmost 
acciuucy attainable the difference in weight between A and B : (i) before 
cautiously tilting the flask till the solutions mix j (ii) after the occurrence 
of the reaction in A ; (iii) after the occurrence of the reaction in B. 


Record of results. 

A. Specimen of note-book entry. 


Wt. of empty flask . 

Wt. of weighing tube with silver nitrate . 

Wt. of silver nitrate tube after shaking somel 
of its contents into the small test-tube ...) 

.•. Wt. of silver nitrate taken.=6 — c 

Wt.of finely powdered ferrous sulphate placed 
in the Erlenmeyer flask (weighed on piece 
of paper on rough balance) . . 

Wt. of the whole apparatus: 

Before the occurrence of the reaction . 

After the occurrence of the reaction in ..J ... 

,1 ij V ... 

Change in wt. accompanying the reaction in A 


= a 
-b 

— c 


] 




I f 


Wt. of flask-t-precipitated silver. 

.’. Wt.of silver precipitated in the reaction... 


= d 

= d- a 


Change of weight accompanying the reaction 
per 100 of silver precipitated ." 


Silver precipitated expressed as percentage of 

the silver nitrate taken . (t)100 

0 - c 


A 


gms. 

19-77 

16-16 

14-02 

2-14 

10 (about) 


A s 
A = 
A = 

0004 


21-10 

1-33 

•0004 X 100 


B 


gras. 

24-88 

14-02 

11-36 

2-66 

10 (about) 

iJ-h-6832 

/i-f--6828 

i?-i--6834 

•0006 

26-52 

1-64 

•0006 X 100 

1-64 
= •036 


1-33 
= -030 
= 1 in 3000 approx. 


62*11 


61 - 7 ’ 


^ The reaction was not complete, as was shown by the formation of a thick 
white precipitate on the addition of hydrochloric acid to the liquid decanted from 
the precipitate ; hence the deviation from 63-5, the standard value for the per- 
centage of silver in sbver nitrate. 


F. C. 


14 
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The next and last step in the experiment consists in the estimation of 
the metallic silver precipitated by the ferrous iron, niiich in this process is 
oxidised to ferric iron. The precipitate is washed in the flask by decantation 
(the siphoning device described a?iie, Chapter II, p. 101, could be used with 
advantage), the washings being poured through a small filter paper; the 
washing is continued until the thiocyanate test(Clowes, PracticaWhernism/, 
8th ed., 1908, p. 136 ; Newth, Manual of Chemical Analysis, 1907, p 165) 
shows the absence of all ferric iron. The flask with its contents is then 
dried in an air bath ; the filter paper, containing any silver removed 
\rith the washings, is burned in the usual manner (Clowes and Coleman, 
Quantitatiee Analysis, 10th ed., 1914, pp. 59 et seq. \ Neudh, ibid. pp. 206 
el seq.\ and the ash and silver added to tlie contents of the flask (the 
weight of tlie ash can be neglected), after which the flask and its contents 
arc heated fairly strongly, cooled and weighed. 

2. Measurement of the loss of weight in one part and the 
gain in weight in another part of a system within 
which a reaction occurs. 

% 

Experiment XXV. The action of hydrochloric acid on marble, and 
the absorption of the gas formed. • Comparison of the loss in weight of the 
marble and acid with the gain in weight of the potiish used to»absorb the 
gas evolved in the reaction. 

(rt) The qualitative a.spect of the reaction occumug. Show that by the 
action of hydrochloric acid on marble a gas^ is produced which : 

(i) is a non-supporter of combustion ; 

(ii) is heavier than air; 

(iii) turns lime water milky ; 

(iv) is quickly and completely absorbed by x^otash. 

Variety should bo aimed at in the demonstration of the absorbing action 
of the potash. A very simple <levice for filling a large test-tube with the 
gas by means of downward displacement is shown in fig. 47, where the sub¬ 
sequent oi>erations arc also indicated. 

(?>) The quantitative part of the experiment. 

Fig. 48 represents a suitable arrangement for the evolution and the 
absolution of the carbon dioxide. As regards the latter process, the 
apparatus intended for thi.s purpose must be of such a kind that the 
surface of contact between the gas and the absorbing solution is made as 
great as iiossible. The problem is the same as that arising in organic 
analysis, where the complete absorption of the carbon dioxide formed in 
the burning of the substance and made the measure of the amount of 
carbon i)rcsent is essential to success. Here again it may be useful (and 
perhai^s even a little entertaining) to look up in catalogues various foimis of 

1 For various types of apparatus suitable for the continuous production of 
this gas, see ante, Chapter II, p. 98. 
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potash bulbs, from the original simple kind kuoum by the name of its 
inventor Liebig (1803—1873) to the much smaller, intenially often very 
elaborate arrangements which are beautiful specimens of the glass-blow'er’s 

7he absorption of carbon dioxide by potash. 


4 - N 



Fig. 47. 

N. Small test-tube containing the marble and hydrochloric acid required for 
the generation of carbon dioxide; the tube is carried by a loop made in a 
long stout copper or iron wire. 

M. Device for holding a plate or watch glass O in position under the openiuR 

of the tube or cylinder. It consists in a piece of stout iron or copper wire 

twisted at one end, over which is slipped a short piece of very stout-walled 
rubber pressure tubing. 

Small watch-glass for closing the mouth of the large test-tube. The inter¬ 
position of a piece of moist filter paper increases the efficiency. 

Porcelain dish {or small glass crystallising dish) containing a solution of 
potash which has been coloured by a drop of phenolphthaleiu. 

Arrangement for filling the tube with gas. 

»» »» conveying the tube into the dish holding the potash. 

»» »» effecting the absorption of the gas by potash. 

art. Hut however excellent may be the provision made for maximum 
efficiency in the absorbing power of the potash, success can only be attained 
by letting the reaction occur slowly, so tliat the bubbles pass at a rate of 

14—2 


O. 

P. 

A. 

B. 

C. 



Comparison of the loss of weight in A to E, the part of the closed system in which carbon 
dioxide is evolved by the action of hydrochloric acid on marble, with the gain in weight 
of F—G, the part of the closed system in which the carbon dioxide is evolved by potash. 
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A. Erlenmeyer flask of about 150 o.c. capacity, fitted as shown with good two- 
holed rubbei* cork; of the two glass tubes which pass through the cork, the 
longer must dip under the surface of the water which together with some 
small lumps of marble covers the bottom of the flask. 

6. Small test-tube of length such that it cannot fall down inside the flask; 
it is provided with a piece of fine string (or stout cotton) by which it can 
be lowered carefully, so as to avoid any risk of spilling the concentrated 
hydrochloric acid with which it is filled. The combination of water in the 
flask and concentrated acid in the tube supplies an adequate amount of acid 
in the diluted form in which it must be used for the reaction to proceed at 
a rate suCDciently slow to ensure the complete absorption in F of the car¬ 
bon dioxide gas. 

C and E. Rubber tubes, fairly thick-walled, flawless and well-fitting. Owing 
to the fact that rubber tubing is not absolutely impermeable to carbon di¬ 
oxide, it is desirable to make the glass tube from A almost join that from F 
within E ; and since the escaping gas is certain to carry spray from A, of 
which some will be deposited in the connecting tube, E must constitute part 
of the closed system and must be weighed with A (or with F) both before 
and after the reaction. 

D and D'. Stoppers made of short pieces of glass rod, for closing one or both 
of the rubber tubes C and E. 

F, Potash bulb filled with strong solution (1 part by weight of solid potash to 
2 of water). The volume of solution introduced must not be gi'eater than 
can bo easily held by the big bulb (next to E) into which it gets sucked at 
the end of the experiment when the evolution of gas in A has ceased. 

G. Chloride of calcium tube in which is retained the moisture carried by the 
air which escapes at the beginning of the experiment. The chloride of 
calcium used must be in small grains to increase the amount of active 
surface available, and free from powder which might clog the tube; it is 
kept in place at each end by plugs of glass wool (or cotton wool). 

J and J'. Stoppers made from rubber tubing and glass rod, for closing the 
ends of F, G. 

M, Aspirator tilled with water, for drawing dry air through the apparatus at 
the end of the experiment, whereby to re-establish the original conditions 
when A was filled with air; this air was expelled at the beginning of the 
experiment by the carbon dioxide gas evolved, and escaped at the open end 
of G after giving up all its moisture. The current of dry air entering at C 
sweeps the carbon dioxide left in A into F, where it is absorbed, and thus 
is replaced the air that escaped at the beginning. The excess of air that 
must be used will make no difference, provided it escapes at G in the same 
state as it entered at C, i.e. dry and free from carbon dioxide. 

N. Screw clip. 

K. U'tubc filled with granulated soda lime to deprive the in-going air of 
moisture and carbon dioxide. The soda lime is kept in place by plugs of 
glass wool. 

L. y-tube filled with chloride of calcium (or soda lime) to prevent access of 
moisture from M into G. 

not more than one in a sccontl, preferably more slowly; to accomplish tliis 
the acid used must be dilute, and it must be delivered very gi*adually. 
Moreover, since it is essential that except for the transference of carbon 
dioxide (which uill carry with it water vapour) everything at the end of 
the experiment .should be the same as at the beginning, any escape of water 
vapour must be carefully guarded against, and si>ecial an*angements must 
be made for I'eplacing at the end of the experiment the air which at the 
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beginmng was expelled by the carbon dioxide evolved; whilst on the one 

ret",h moisture cai-ried by it being 

letained in the apparatus, tlie air led in at the end of the experiment to 

take ito place imist be dry and free from carbon dioxide. It is of course 
(piite immaterial whether all the marble is dissolred^ or whether all the 
acK available is used; but it is desirable to use quaniities of marbto and 
acid such that the amount of gas transferred is sufficiently gi-eat to reduce 
the proportionate effect of the exiierimental eiTor. 


Procedure. 

Put the marble and water into A, the concentrated acid into B (be 
careful to keep the outside and the rim of the tube free from acid) au^d 

with ^ open, firmly insert the cork, which should be’very 
sh„ itlj greased or moistened in its lower half, a combination of a gentle 
pusliing and scremng motion being generally most effective; be careful 

p umlci the water, does not protrude to such an extent that in the 
process of pushing in the cork it breaks through the bottom of the flask; 
manunilation of B requires some care. Fill B as directed above, and 
test for tlio efficient working of corks, rubber connections and gi-ound glass 
joint b^ joining at B, taking out 2>, connecting G to M and cautiously 
opening the screw clip if all is well, as the water runs out rcri/slowly, 
one drop at a time, air bubbles one at a time will pass through tlie liquid 
in ^ and hence through B Disconnect, close Cand B by the stoppert 
T> nn<l D, close B and G by J and J\ and carefully weigh each piece of 
apijaratus. It has been found in practice that carrying out the e.xperiment 
with the ajiparatus here recommended and in the manner described entails 
an experimental error of a magnitude such that weighing to niilligi-ams is 
legitimate and necessary, weighingto fractions of milligi-ams futile. 

Connect the two pieces of ai>paratus as sliowm in the figure, carefully 
labclhiig and putting away ZV, J and J'. Start the reaction by shaking 
out a few ilrops of acid from B. When the evolution of gas lias nearly 
ceaseil, shake out a little more acid, aud continue to do so until all the acid 


^ There is a difference in this respect from the somewhat similar experiment, 
in which the object is the determination of the amount of carbon dioxide 
contained in a known weight of pure dry carbonate {post, p. 356). For 
tliis purpose the decomposition of the carbonate must be made complete by using 
excess of acid, the weight of carbon dioxide being determined either from the loss 
in weight of the apparatus in which it has been evolved (Clowes and Coleman, 
Oxdntiuitive Analysis, 10th ed., 1914, pp. lOQ etseq.\ Newtb, Manual of Chemical 
Analysis, 1907, pp. 259 et seq.), or from the gain in weight of a suitable absorp¬ 
tion apparatus (Clowes and Coleman, ibid. pp. 103 et seq. ; Newth, ibid. 
pp. 261 et seq.); in either case it is essential that what passes/row the evolution 
apparatus or into the absorption apparatus should be carbon dioxide only, and 
hence the necessity for the provision in that case of a suitable drying tube 
attached to and constituting part of the evolution apparatus. 
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Ihos been used, being careful to produce the gas at a eery doio rate. Note 
that at fii-st a gsrs—which is air—bubbles through all the three compart¬ 
ments of but that soon none passes beyond tho first. At this stage, 
when the evolution of gas has come to an end, A as well as the big b\ilb of 
F will be full of carbon dioxide, and if, as should be done, the apparatus is 
now left to itself, the potash will continue to absorb tlie gjts and will rise, 
first slowly, then as the surface of contact becomes gi*eatcr rapidly, into tlie 
big bulb (caution given above as to allowing for this in the amount of 
solution used), wdiilc air uill pass in from t?, thereby effecting automatically 
restitution of some of the air expelled at the beginning, the necessity for 
which lu\s been pointed out above. The air thus introd\iccd will of course 
not be dry nor free from carbon dioxide, and theoretical perfection would 
make it seem desirible to work from the beginning with the tube L at¬ 
tached to C?, which would have the further advantage of preventing any 
leaking in by diffusion of moisture or carbon dioxide; the taking of this 
extra precaution would of course present no special difficulty, but its omis¬ 
sion is not likely to introduce any sei*i»>us error, lictamse the volume of air 
Slicked back through G is .so small comparatively that the weight of moisture 
aiul carbon dioxide carrieil by it would he a tjuantity not recorded in tlie 
weighings, which do not g<i beyond milligrams. Tlie purification of the air 
entering at K is a different matter, because a very considerable volume is 
used in order to swee|» out from A the last traces of carbon ilioxide, every 
1 c.c. of this gas left representing 1 c.c. of air less than was in the apparatus 
at the beginning of the experiment, and hence a lo.ss of about ’OOl'i gr. 
After the automatic suction of air into A through A'has come to an end, 
leave the appai*atus for at least half an hour, to give time for ^to cool, the 
absorption of the carbon dioxide having been accompanied by the evolution 
of a consi<lcrable amount of heat, as can be ascertaiiieil by touching the 
bottom of Fy which will feel quite hot. Next attach A", L, ami M as shown 
in the figure, and, by suitable manipulation of the screw clip N, pass a slow 
current of air with the object already set forth ; to secure the complete 
replacement of the carbon dioxide in A by air, at lea-st two litres of air 
.should be passed. Di.sconnect at (7, at E and at G ; in.sei’t Z>, J, J\ 

and after having left the two sections of the apparatus for about half an 
hour in tho balance ca.se for the nccc.ssary temperature adjustment, weigh 
each section. 


Inspection of the results summarised in Table 11 on p. 2U) shows that in 
the majority of instances the loss excceils the gain, which is in accordance 
with what we shouhl expect, the chief probable error being failure to retain 
completely the carbon dioxide and water vapour carried over from A. It 
should prove interesting to let some members of a class try the experiment 
with the interpo.sition of another weighed tube containing potash and cal¬ 
cium chloride between G and L to act as a check for the efficienev of F. G 
in the matter of complete absorption. 
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Record of results. 

Comparison of the loss in weight due to interaction be¬ 
tween marble and hydrochloric acid solution with the weight 
of the carbon dioxide evolved and absoi’bed by potash. 


A. Specimen of note-book entry. 


Weight of the apparatus^ 

containing the marble V before the reaction .=a 

and hydrochloric acid J 

The same after the reaction .=c 


£o8B =a - c 

Weight of the potash bulbs before the reaction. =b 

The same after the reaction . =.d 

Gain =d -b 

Difference between loss of wt. of marble's 

and hydrochloric acid, and weight of V =(a - c) — (d - 6) 
carbon dioxide evolved and collected J 

Difference calculated for 100 of carbon dioxide . 


0) 

(ii) 

gms. 

gms. 

57*936 

67*350 

67-088 

66-232 

•848 , 

1*118 

87-857 

1 

47-716 

88*698 

, 48-837 

•841 

1*121 

-•007 

+ -003 

-0-8 

+ 0-3 


B. Summary of results obtained in different years by 

sections of the classes. 



Loss of system 
marble 
+ 

hydrochloric acid 

= A 

Gain of 
potash 
bulbs 

Difference 
of loss 
and gain 

= A-B 

Difference 
expressed as 
percentage of B 

{A - B) 100 

B 

Student: A 

•2445 

•2460 

+ •0015 

+ 0-6 

B 

•588 

•588 

± 000 

±0-0 

C 

•848 

•841 

- -007 

-0-8 

A' 

1132 

1133 


+ 01 

B' 

1179 

1151 


(-2-5) 

C' 

•537 

•510 


(-5*3) 

D' 

•791 

*782 


-1*2 

E' 

•825 

•815 


-1-2 

A" 

1-432 

1-417 


-1*0 

B" 

1-06'J 

1-067 


-0-2 

C" 

•508 

•637 

+ •129 

(+20) 

A'" 

1-033 

•941 

-•092 

( - 9-8) 

B'" 

*867 

*870 


+ 0-3 

C'" 

•875 

•862 


- 1*5 

D"' 

1-118 

1121 


+ 0-3 

E'" 

1-244 

1-231 


-11 

p.//» 

1-176 

1-170 


-0-5 
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3. Complete syntheses. 

(1) The complete synthesis of silver sulphide is de¬ 

scribed by Vaughan Cornish in his excellent and suggestive 
little book, Practiced Proofs of Chemical Laws, to which 
students are referred for experimental details. Known 

weights of silver and sulphur are heated together in a 
sealed tube, and after completion of the reaction the 
silver sulphide formed and the sulphur left in excess are 
weighed. The specimen results given are excellent: 

Silver Sulphur Sulphur Sulphur Silver Silver 

taken taken left used + sulphur sulphide Difference 

Exp. 1. -8301 •1233 none *1233 *9534 *9531 - -0003 

„ 2. 1-0000 *2963 -1476 *1487 1-1487 1*1476 --0011 

(2) The complete synthesis of silver iodide, illustrative 
of Stas’ classical research on this subject. Besides the 
evidence for the law of conservation of mass that this 
experiment is intended to supply, a number of other useful 
objects may be accomplished incidentally, viz. the determi¬ 
nation of the combining ratio silver to iodine, a valuable 
contribution to the data collected in Chai)tcr IX (The deter¬ 
mination of combining weights) ; the technique of the gravi¬ 
metric estimation of iodides and the volumetric estimation 
of silver by thiocyanate; the manner of effecting quantita¬ 
tively the change of iodine into iodide, of metallic silver into 
a soluble silver salt (nitrate). Hence if a student has the 
time at his disposal, the experiment, though a little laborious, 
will well repay the time and trouble spent on it. 

Experiment XXVI. Tlie complete synthesis of silver iodide. 

The method is an indirect one*, consisting in the production of the 
yellow insoluble silver iodide by interaction between solutions of ammonium 
iodide and silver niti*ate, which have been obtained by suitable reactions 

* The direct synthesis, i.e. burning of a known weight of silver in iodine, 
similar to the process employed in the direct synthesis of silver chloride (post, 
p. 231), is a difficult matter, even if the work is confined to a determination of 
the ratio silver : silver iodide, the iodine being obtained by difference. Ladenburg 
has effected such a direct synthesis. 
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from kDown weights of the two elements. The work in the form about to 
be described divides itself natui*ally into three parts : 

(i) The preparation of standard solutions of silver and of iodine 
i.e. solutions which in a known volume (or in a known weight) contain 
known weights of (a) iodine, (b) silver. 


(ii) Determination of the equivalency factor between these two solu- 
tions, i.e. of the volumes of the two solutions which contain the exact 
quantities of iodide and silver salt required for intei-action, no excess of 
cither iodine or silver being left in solution after the precipitation of the 
insoluble silver iodide. 


(ill) The production and weighing of the silver iodide obtained fi-om 
suitable volumes of tlie two solutions. 


Ihc quantities of the different substances involved whicli previous 
c.xpcriencc has shoini to be suitable for the purposes of the experiment as 
<lescribcd, are: 

surer. The purest* foil obtainable—175 gi-ams (about), weighed 
accuratoly to milligrams. 

TotJine. The inircst rc-sublimcd crystals, powdered, and dried by being 
kept foi- some time in a desiccator—2 0 gi ams (about), weighed accui-ately 
to milligrams in a glass stoppered weighing tube. 

Whatever the quantities of iodine and silver taken, they must be in the 
ratio of not more than l‘I4 of iodine to 1 of silver; this is to ensure the 
presence of excess of silver when equal aliquot parts of the solutions 
conbuning iodine and silver in this ratio arc mixed. 

Ammonia. 100 c.c. of a solution of ammonia of specific gravity '967 
(which according to the tables- contains 8 "/e «f ammonia) diluted by the 
a<ldition of 300 c.c. of water ; this should yield a solution somewhat stronger 
than normals 


* See ante, Chapter II, p. 96. 

* Clowes and Coleman, Quantitative Analysis, 10th ed., 1914, pp. 512 et seq. 
Tables have been compiled which give the composition of the solutions of a 
number of acids, alkalis and sal^ ns a function of the specific gravity. These 
tables greatly facilitate the work of preparing solutions of any desired strength. 
The specific gravity determination is done most quickly by means of a hydro¬ 
meter (Glazebrook, Hydrostatics, § 58). Of course the solution taken for 
dilution need not have the special specific gravity above quoted ; by the use of 
tables any other could be made to serve, the corresponding amount of dilation 
required being calculated. All that matters is to produce a solution about 
normal, and even that is only a question of convenience, the volumes of solu¬ 
tion required being of convenient magnitude if this is the strength. 

^ For meaning of terms normal, decinormal, seminormal etc., see Clowes 
and Coleman, ibid. p. 148; Newth, JIunual of Chemical Analysis, 1907, 
pp. 312 et seq. 


219 


The Conservation of Mass 

Sulphtirous acid. About 200 c.c. of a solution of specific ^avity I 030 
(which according to the tables contains 5*5 “/, of sulphurous anhydride) 
diluted to 300 c.c., should give a solution somewhat stronger than normal. 

Potassium thiocyanate. Pure re-crystallised—about 2 gi’aiiis dissolved 
in 1 litre. 

Iron alum. Pure re-crystallised—a small volume of 5 solution. 

(i) {a) Preparation of the standard solution of iodhu\ by changing a 
knowTi Aveight of iodine into ammonium iodide by the action of alkaline 
ammonium sulphite. 

Preparation of the ammonium sulphite solution., containiny twice as 
much ammonia as is required for the neutralisation of the acid {anti\ 
Chapter I, p. 56). Using solutions of ammonia and sulplnirous acid of the 
strength above recommended, make about *250 c.c. of the sulphite, either 
by adding to a known volume of ammonia half the volume of sulphurous 
acid required for complete neutralisation, or, what comes to the same 
thing, adding to a known volume of sulphurous ackl twice the volume of 
ammonia required for complete uexitralisatiou. 


Record of results. 


Volume of ammonia 
solution taken 

m 

(i) 10 c.c. 

(ii) 10 c.c. 

(iii) 10 c.c. 

Mean 


Volume of sulphurous 
acid required for 
neutralisation 

n 

27-50 

27*45 

*27*35 

27*43 


Volume of sulphurous acid 
required for 
neutralisation of 1 c.c. 
of ammonia 
n 

/It 

2 750 
2*745 
2-735 
2-743 


For the preparation of the ammonium sulphite solution 2U0 c.c. of am¬ 
monia are mixed with 100 x — c.c. of acid. Of course it will be a saving of 

m ® 

time if the ammonium sulphite is prepared in larger quantities for the use 
of a number of students. 

Chanye of the iodine to ammonium iodide^. 

Put about 25 c.c. of the sulphite sohition into a beaker of about 200 c.c. 
capacity. Shake into it the iodine from the carefully weighed stoppered 


1 The equation for the reaction occurring is: 

(NH4)aS03 -t- H 2 O -f 1.2 = (NH4)2S04 -i- 2HI 
2HI 4- 2 (NH 4 ) OH = 2 -I- 2 H 2 O. 
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tube, which contains about the amount required and weigh the tube again. 
From a burette or other apparatus suitable for the delivery of the solution 
in small drops, add sulphite until the last trace of colour of the iodine 
solution is destroyed. As the reaction proceeds, the brown solution be¬ 
comes yellow and ultimately colourless. The change from pale yellow to 
colourless is at this concentration so sharp that there should not be any 
difficulty in detecting the end i>oint with extreme precision. If too much 
sulphite should have been added, a further amount of carefully weighed 
iodine might be added by shaking a tiny crystal oiit of a weighing tube 
and adding the weight to that originally taken. The volume of sulphite 
solution u.sed does not enter into the quantitative relations we \visl) to 
ascertain, and so need not be actually measured; but it will be useful to 
note and jiut on record its approximate value at any rate, in case the same 
solution should be used again in a repetition of the experiment. 

The next step consists in making the solution of the ammonium iodide 
up to a known volume; the transference to tlie graduated flask will have to 
bo cftccted with the utmost care to prevent any loss, the beaker being 
washeil out .several times in succession with small quantities of water each 
time, llcmcmbcr to .shake. Call the strength of this solution, i.e. the 
weight of iodine i)er c.c., M. 

(It) Chaugf of a hmucn tceight ofnih'er info stilrer nitrate. 

The amount of silver required (1*75 gi'ams, or if the amount of iodine 
has been other than 2'()0 grams, the cinTesponding proportionate amount) 
is accurately weighed. It is then dissolved in nitric acid (30 c.c. of acid 
of specific giavity r4 diluted to 100 c.c.) with due precautions against 
meclmnical loss by sjmrting, etc.; the procedure is in every way identical 
with that described in Chapter II, p. 90. The solution is gently boiled 
\mtil the brown acid fumes have disappeared, cooled and made up with the 
u.sual precautions to a known volume. Call the strcngtl) of this solution, 
i.i‘. the weight of .silver i)cr c.c., N. 

The table on p. *222 summarises the measurements required for the 
making of the above standard solutions a and h. 

(ii) Determination of the equiraleney factor heticeen the tvro solutions. 

The quantities of silver and iodine used in the preparation of the two 
solutions liave been cho.sen on the basis of antecedent knowledge, according 
to which, on mixing equal volumes of the two,'the solution above the 
precipitated silver iodide will contain a small excess of silver nitrate. The 
object of this section of the experiment is to determine the amount of this 
exce.ss, and thereby to ascertsiin the volumes of the two solutions which 
will be exactly equivalent, i.e. nill form insoluble silver iodide without 
leaving in the solution an excess of cither of the intemeting substance.s. 
In research work the interaction of exactly equivalent quantities of iodine 
and silver would be produced by the cautious addition of a standard 
solution <»f iodide to the silver solution until no turbidity is produced as a 
drop falls through the clear liquid above the precipitated iodide. The 
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technique of this process is however somewhat elaborate, ami the method 
about to be described (see Clowes and Coknnan, Quantilat'u'e AnabjsU) 
may be substituted, since it is of an accui*acy quite commensurate with that 
likely to bo attained by the avei*age student in the rest of the mesusure- 
ments involved. The method is based on the occurrence of the following 
reactions; 

Potiissiiun or ammonium thiocyanate precipitates from silver nitrate 
white silver thiocyanate, insoluble in nitric acid ; thioeyaiiate gives with 
ferric salts a deep red colour, due to the formation of iron thiocyanate, 
which is not destroyed by dilute nitric acid ; red iron thiocyanate is 
decomposed by a soluble silver salt, with the formation of white insoluble 
silver thiocyanate. Hence if to a solution of a silver salt (which may 
contain free nitric acid) a drop of iron alum solution is added, and 
thiocyanate solution is then run in from a burette, the appearance of a 
pink tinge (due to the formation of iron thiocyanate) will iiulieate that 
all the silver has been iwecipitated as white insoluble silver thiocyanate, 
and hence the end of the reaction. The presence of precipitated silver 
iodide does not interfere with this reaction. 

Perform qualitative tests illustrative of these reactions. 

Dateyniination (if the. aileer equiealent of the thioeydnate aoltition. 

Using known volumes of the standard silver solution matle in (i) 
find the volume of the thiocyanate solution rcquire<l for the comi)lete 
precipitation of all the silver; use lots of 10 c.c. 

Estimation of the exce/oi of sHoey nitrate aolation JcJten knoicn eolames of 
the two xta/uUird itoiutions arc mixed. 

Use ’25 c.c. of each solution, and determine the cxcc.ss of the silver 
nitrate by titration with the previously standardised thiocyanate solution. 

(iii) The determination <fC, the rrehjht of ailcer iodide produced by 
the interaction beticeen A and By weights of silver and iodine found from 
the preceding work to be strictly eiiuivalent. 

In (ii) we a-scertained the vohunc P of silver nitrate solution that has to 
be added to every 1 c.c. of iodide solution in order to make the precipita¬ 
tion complete, just complete, ami no more than complete. Ihit since from 
(i) we know M and iV, the strengths of each of these .solutions in terms of 
iodine and silver, we km)W that by adding to Q c.c. of iodide solution 
Py.Q c.c. of silver nitrate solution, we shall get for A the weight of i»>dine 
Q X My ami for B the weight of silver P y. Q ^ N. 

The preparation of sifrer iodide by mixiny the iodide and the silcer 
solutions. 

U.sc 50 c.c. of iodide .solution, and add to it .50 x Py the calcxilatcd 
quantity of silver nitrate solution, using graduated tla.sks, burette, pipettes, 
as mav seem best for the most simple and most accurate prod\iction of the 
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required volume. In order to produce the silver iodide in the form best 
suited for filtering, it nu\y be best to measure out the required volumes of 
the two solutions each in a separate beaker, warm each, and then mix, 
remembering the necessity for complete transference of the one solution 
into the other. 

Determination of the tceigkt of the jmecijntated sileer iodide. 

Filter through a Gooch ci*ucible, wash, dry and weigh; for details see 
any text book of Quantitative Analysis, e.g. Clowes and Coleman. 


(i) Determination of JX and N, the strengths, i.e, weight 
in grams per c.c. of solution, of the iodine and 
silver solution. 


(«) Preparation of the standard iodine solution. 


Wt. of empty weighing tube (approx., to decigis. 
only) . 

Wt. weighing tube + iodine . 

(iodine being put into the tube until value of 
iS' = a little more than R-^2 0 gms.) 


i? 

S 


Wt. weighing tube + iodine (accurate to mgs.) ... 

,, ,, after shaking out the bulk of 

the iodine. 

,, „ after shaking out an additional 

small crystal of iodine .. 


h'l 

XF3 


. Wt. of iodine taken 


= ”^2 - IF, f 
orTl'a-jr, f 


Yol. to which the ammonium Iodide solution ( 
obtained from a grams of iodine is made up... f * 

M, the strength of the solution, i.e. the weight 1 a 
of iodine contained in 1 c.c. f Tz 


gms. 

7*8 

9-9 

9*900 

8*89o 

8 *8800 
1*0134 

250 

1*0134 

250 

= *0040dgm. perc.c. 


(h) Preparation of the standard silver solution. 


Wt. of silver (weighed on balance pan or on ac- \ , 
curately counterpoised watch glass) . j ^ 

Vol. to which the silver nitrate solution obtained ) .. 
from b gms. of silver is made up. / ’ ■ 

N, the strength of the solution, i.e. the weight ) b 
of silver contained in 1 c.c. / pj 


gms. 

•8867 

250 

*8867 

250 

= *00355gm.per c.c. 
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(ii) Determination of P, the equivalency factor between 
the two solutions. 


(a) Silver equivalent of the thiocyanate solution. 


Vol. of silver nitrate solution used 


tf 


thiocyanate solution required for 
pptn. 


(i) 

(ii) 
(in) 


Mean = v 


15*25 

15*25 

15*25 

15*25 


Vol. of silver nitrate solution ppd. by 1 c.c. of { V-z 
thiocyanate. ) "JT" 



10 

IF25= '®^ 


(6) Estimation of excess of silver nitrate solution in inter¬ 
action hetiveen definite volumes of the two solutions. 


Vol. of iodide solution taken 


I ) 


silver nitrate solution added .... 

thiocyanate solution required 
to ppte. the excess of silver 
nitrate . 



*.* 1 c.c. of thiocyanate corresponds to —" of 
silver nitrate 


. Excess of silver nitrate 


Calculation of P from the results obtained in («) 
and (6). 

.*. Vol. of silver nitrate required for the com¬ 
plete pptn. of 1 c.c. of iodide 




103 c.c. 



l*03x*G5=*C75c.c. 

V 


V’ V' ' V 

which on substituting for the 
may choose arbitrarily those 
becomes 

25 ~ 26 • T ” ^ 


values that we 
recommended, 

10t>' 

25i* 



c.c. 
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(iii) Determination of O, the weight of silver iodide pro¬ 
duced by the interaction between A and weights 
of silver and iodine found from the preceding work 
to be strictly equivalent. 

(«) Preparati<yii of the silver iodide by mixing the requisite 
volumes of the tivo solutiomy which gives the vcduesfor 
A and By the quantities of iodine and silver used in 
the synthesis. 

Vol. of iodide taken ... 

,, silver nitrate added 


. . A^V.M ... 
B=V.P.N 


. V =50c.c. 

. VP 

50 . a 

501^1 

25vj250 


= 48*65 C.c, 


= ‘2026 gm. 


= ♦1725 gm. 


{h) Estimation of the silver iodide obtained by synthesis 

from A of iodine and B of silver. 

Wt. of Gooch crucible. (0 12*2774 gms. 

(ii) 12*2774 „ 

(iii) ?r= 12*2774 „ 

Gooch crucible + silver iodide . (i) 12*6532 ,, 

(ii) 12*6528 „ 

(iii) 7r" = 12*6528 
Ty"~TV' = 0 = 0*3754 „ 


.*. Wt. of iodide... 

Final result: 

C-iA + B) ... 


= •3754- 3751 
= '00025 












CHAPTER VI 


THE LAW OF FIXED RATIOS 


I. The Nature and Scope of the Law. 

In Chapter III, which dealt with the classification of 
complex substances, the experimental study of some simple 
typical cases led us to the recognition of certain fundamental 
differences in qualitative relations, viz. : (i) the relation of 
the properties of the complex substance C to the properties 
of its constituents A and B \ (ii) the principle of the methods 
by which C can be resolved into AB. The concomitant 
fundamental quantitative differences, though there referred 

to incidentally only, are included in the following summary 
of the results. 

Complex substances may be : 

(1) Heterogeneous structures whose composition may 
vary continuously from A =0 and ^=100 to ^ loo and 

B = 0 , and in which the properties of C are additively those 
of A and B. 


(-2) Homogeneous structures. 

(«) Solutions ill which the ratio between the components 
varies continuously, either without limit as above (complete 
miscibility) or with a limit such that when ^1 = 100, Jj may 
have any value from 0 to m, and in which the properties of 
the complex substance, though not additively those of the 
components, are a continuous function of the composition (see 
diagram. Chapter I, p. 8(1). 

(f>) Complex substances, in which the properties of A 

and Ji are merged in new ones of V, and in which the com- 
position is fixed. 


i\ C. 


15 
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Of these three classes of complex substances, (l)and (2) (a), 
which are heterogeneous and homogeneous respectively^ agree 
in that their properties as well as their composition are 
variahle^ and that there is a definite quantitative connection 
between the two variables, characteristics which are summed 
up in the name ‘mixture.’ On the other hand, the class 
characteristics of (2) (6), which are fixity of jjroperties as 
well as fixity of compositiony are summed up in the name 
‘ compound*’ The expression of the quantitative relation 
characteristic of compounds is : 


A 

B 


or 


A 

C 



~ = constant, 


where £> stands for the weight of another substance with 
which C interacts by virtue of one or other of its components 
being exchanged either for D itself or for a component of 
Z). Since in the experimental work connected with the 
establishment of the law of fixed ratios or the testing of its 
accuracy, the measurement of any one of these ratios may be 
resorted to, it should prove useful to illustrate by a simple 
qualitative experiment the different forms that the problem 
under discussion can take. 


Experiment XXVII. The synthe.sis and various modes of decomposi¬ 
tion of mercury bromide. 

2 to 3 c.c. of mercury placed in a porcelain dish are covered with water, 
and a little hrt)mine is added ; the colour of the hroinine will gi-adually 
<Usappcar, an effect which will be accelerated if by occa.sional stirring fresh 
.surfaces of the mercury are exposed. As more and niorc bromine is 
.nadually adde<i, white crystals separate from the liquid above the un- 
chano-ed' mercury, .showing the production of a new' substance which is 
soluWc in w'ater. The disappearance of the colour iwoves that the broinme 
must have participated in the reaction which produces these white crystids, 
and the same could be established for the mercury, either by continuing the 
addition of bromine until all the mercury Inis disappeared, or by showang 
'that it decreases in weight. In this synthe.sis the bromine and mercury 
correspond to our A and B, and the white crystjils to our C. 1 our off some 
of the cadourloss .s.>lution from the uucltanged mercury, and to a portion ad.i 
a few drops of chlorine water—bromine will be liberated ; to another 
portion add a soluble silver .salt (c.r/. silver nitrate)-palc yellow si vor 
bromide, insoluble in nitric acid and sparingly soluble in ammonia, will be 
precipitated. In these rcaction.s the chlorine, the silver nitrate and the 

silver bromide stand for I>. 
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It is evident that eacli of the above reactions could be 
used for the measurement of a ratio the constancy of wliose 
value would demonstrate the quantitative relationship charac¬ 
teristic of ‘compounds.’ There is, as a matter of fact, no 
special difficulty in measuring the amounts of the various sub¬ 
stances participating in any of the reactions shown. Starting 
with known weights of bromine and of mercury, and weighing 
the unchanged mercury, would give us A : B. Starting with 
a known weight of bromine and weighing the white residue 
left after careful evaporation of the solution separated from 
the excess of mercury would give us A : C. B :0 could be 
got by starting with a known weight of mercury and adding 
more and more bromine until all the metal has disappeared"^ 
after which cautious evaporation of tlie solution to dryness 
would remove the excess of bromine (b.p. 59° C.>, together 
with the water, and leave the white solid, which is weighed 
Finally, starting with a known weight of the white crystals, we 
could find values for C : D by the measurement of the quanti¬ 
tative relationship between C and any one of the various 
substances above used for D ; we could drive off the liberated 
bromine together with the water, and thus obtain, in a form 
suitable lor weighing, the chloride produced through the 
agency of the chlorine ; or we could determine the weight of 
Silver present in the form of silver nitrate which is required 
for the complete transference of the bromine from its com¬ 
bination with mercury to a fresh combination with silver • or 
we could weigh the insoluble silver bromide produced. ’ 

This then is an instance of the relationship known as the 

LawqfFiaxil Ratios : how has this law been discovered and 
established ? 


ZI* Historical. 

coinpo.sitioi, as an attribute of substances pos¬ 
sessed ot fixed properties must have been recognised from the 
time when quantitative analyses began to be made ; the large 
amount of such work done during the eighteenth century 
must be taken as proof of a general belief in the existence of 


15—2 



228 The Law of Fixed Ratios 

a law of fixed ratios. Berzelius (1779—1848), who at the 
beginning of the nineteenth century initiated a new era in 
quantitative work by his accurate determination of the com¬ 
position of hundreds of the most important and the best 
known of compounds, continually refers to the results obtained 
by anumber of predecessors, Klaproth (1743—1817), Buchholz 
(1770—1818), Wenzel (1740—1793), Vauqueliii (1/63—1829), 
.T. B. Richter (1762—1807) and others. Eai'lier still was the 
work of Bergman (1735—1784), Marggraf (1/09—1/82) and 
of Kiinkel (1630—1702), whose almost startlingly accurate 
<letermination of the composition of silver chloride has been 
referred to in a previous chapter {antCy Chapter II, p. 97, 
footnote). 

But, though evidently tacitly assumed, the law of fixity of 
composition was not formulated and definitely enunciated 
until its validity had been denied and variability of composi¬ 
tion asserted to be the rule. The great French chemist 
Claude Louis Berthollet (1/48—1822) at the end of the 
eighteenth century asserted that the composition of complex 
substances depends on the relative masses of the constituents 
present at the moment of their formation, and that the 
observed cases of fixity of composition represent exceptions 
fine to what we might now-a-days call ‘survival ot the fittest. 
According to Berthollet, when an acid acts on an alkali a 
theoretically unlimited number of combinations can be formed 
in which the composition would vary continuously and im¬ 
perceptibly from acid = O and alkali = 100 to acid = 100 and 
alkali = 0, and the fact that what crystallises out from the 
solution is always the same neutral substance of quite fixed 
properties and quite fixed composition, is due to the special 
circumstance that of all the combinations which are possible 
and which actually exist in the solution, this is the least 
soluble which therefore separates out first; but thereby the 
ecpiilibrium in the solution is disturbed, and a fresh amount 
of substance of this special composition is formed and is 
sejiarated out again, a process which goes on until all the acid 
or alkali available has been used up in the production of a 
salt of fixed composition, formed at the cost of all othei 
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possible ones owing to a special physical property possesses! 
by it. The same reasoning was applied to the case of gases 
such as water vapour, the fixity of whose composition was 
explained by the assumption that of all the possible combina¬ 
tions betAveen the constituents, the one of fixed composition 
is formed at the cost of all others because it is the most 
volatile. 

Berthollet’s doctrine of variable composition was opposed 
and refuted by his contemporary Proust (175.'>—For 
one thing, Proust showed that a gi'cat many of the cases 

\ t l^jt as instances of variable composition 
could be showii to be mixttircs in varying ratios of two sub¬ 
stances, each of perfectly fixed composition : €,g. the substance 
obtained by the incomplete calcination of lead in air, tlie 
composition of Avhich may vary from 100 of lead and 0 of 
oxygen to 100 of lead and 7*8 of oxygen, could, by treatment 
with dilute acetic acid, Avhich dissolves litharge but has no 
action on lead, be shown to be a mixture of varying amounts 
of lead and litharge. But Proust’s gi'eat work consisted in 
the definite proof of fixity of composition by the production 
of experimental evidence of the most comprehensive ami the 
most conclusive kind. He demonstrated that the composition 
of a substance of fixed properties was absolutely independent 
of the conditions operative at its formation. 

(i) IMinerals of different origin are identical in com¬ 
position : 

Uiffcreacos have yet beea obsc'i-vcil bctwooii tlie oxblc.s of iron froni 
tl)e South and tliose from the North. The cinnabar of Japan is con.stituted 
acconling: to the same ratio as that of Almuden, 


(ii) Native and artificially prepared substances have the 
same composition : 


Tlie malachite.s* of Arragr)n when dissolved in nitric acid lo.se carbonic 


' The beautiful Ricen mineral malachite is a ‘basic’ carbonate of copper. 
Its composition can be demonstrated by heating a little of the powdered substance 
in an ignition tube, when water will condense in the upper cold parts of the 
tube, and the production of carbon dioxide can be shown in the usual way by 
the lime-water test; the black residue left in the tube is qualitatively and 
<{uantitatively identical with the black substance obtained by heating copper in 
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acid and leave 1 per cent, of an earthy residue ; precipitation reproduces 
. 99 parts of artificial carbonate—"We must conclude that nature acts not 
differently in the depths of the earth. ..than through the agency of man. 

(iii) Alteration in the amount and the kind of the 
material from which a substance is formed does not produce 
a change in its composition. Antimony sulphide is found to 
have the same composition whether it is synthesised from 
antimony and sulphur or fi’om antimony and cinnabar, and 
however great may be the excess of sulphur present at its 
formation : 

“Antimony follows the law of all the metals which can unite uith 
sulphur. It attaches to itself an invariably fixed quantity of it, which we 
have no power to increase or dimini.sh.” And hence : “ the properties of a 
true compound are as invariable as the ratio of its constituents...it is a 
p»-ivilegcd product to which nature assigns fixed ratios,...a being which 
nature never creates, even when through the sigeiicy of man, otherwise than 
balance in h'.nuX, pondere et meffura.** 

Proust carried the day, and from the early years of the 
nineteenth century tlie law of fixed ratios has been accepted 
as one of the fundamental principles of the science of 
chemistry. The recognition of fixity of composition as the 
essential and distinguishing characteristic of compounds is 
however not incompatible with belief in the possibility of very 
small deviations from the requirements of the exact law. Do 
such deviations exist ? 


III. Establishment of the Law as exact. 

The first period of marked progress and brilliant achieve¬ 
ment in the realm of accurate stoicliimetrical measurements 
began about 1810, and is associated with the name of the 

air [ante. Chapter 11, p. 90). Addition of sodium carbonate to a soluble copper 
salt [e.>j. nitrate, chloride, sulphate) produces a beautiful green precipitate, 
carbon dioxide being evolved at the same time. The evolution of the carbon 
dioxide indicates the formation of a basic salt, i.e. a salt in which the amount 
of the base, in this case copper oxide, is greater than that required for the 
complete saturation of the carbonic acid. The green precipitate can be shown 
qualitatively to be made up of the same constituents as malachite, whilst the 
identity in quantitative composition of the two substances can be demonstrated 
in the simple way devised by Proust and followed in the illustrative experiment 
in which calcium carbonate {Iceland spar) is substituted for copper carbonate. 
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great Swedish chemist Berzelius {antey p. 228). About half a 
century later a fresh advance of at least equal importance 
was made, due again to the ingenuity', the experimental skill, 
the wonderful perseverance and untiring energy of one man ; 
it was the Belgian Stas (1813—1891) who not only devised new 
and most ingenious methods, but who also applied them with 
such signal success, that it became possible to test for the 
existence or non-existence of very small deviations from 
constancy of composition. We owe to Stas two classical 
researches planned specially to test the exactness of the law 
of fixed ratios, viz. the synthesis of silver chloride and the 
analysis of ammonium chloride, in which he measured with 
the utmost accuracy attainable the ratios A : C (silver : silver 
chloride) and I> : C (silver : ammonium chloride) for specimens 
prepared in diverse ways, fi*om different material, under vai*y- 
ing ct)nditions of temperature and pressure. 

Tlie results obtained for silver chloride may be summarised 
thus : 


Chloride synthesised by: 

Burning silver iu chlorine, a reaction occurring at Batio A : (' 

red heat . 100; i:ri-841 to 132-843 

(i) hydrogen chloride 

(gaseous) 100 ; 13‘2-84() to 132-849 

(ii) hydrochloric acid 

solution 100:132-84() 

) (iii) ammonium chloride 100; 132*842 

Mean= 132*845 


Dissolving silver in nitric 
acid and precipitating 
at the ordinary tem¬ 
perature with. 


Silver ehloi ide, tliough procluced uiiiler very different conditions, has a 
composition which I am forcetl D) regard as constsuit. In fact I dare not 
attribute tlm insi^iificant differences in the results to other causes than the 
inevitable errors of observation. (Stsis, I 860 .) 


The work of Htas lias been accepted by chemists as settling 
the tpiestioii of fixity of composition for the time at any rate ; 
absolute fixity in a matter such as tliis is impossible to 
attain. What has been proved is, that if deviations from the 
requirements of the exact law do exist, they are less tlian the 
experimental error involved in the measurements—even the 
most accurate—of the combining ratios. But M e cannot fore¬ 
tell M’hat the future may bring, M'hat may be revealed by a 
possibly enormously increased accuracy of weighings and a 
correspondingly great reduction of tlic exiieriiiiental error. 
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It was not only in the above two researches, which were 
undertaken with the special object of testing the accuracy of 
the law of fixed ratios and in which everything hinged on 
this point, that Stas used the device of working with specimens 
of the same substance derived from different sources and pre¬ 
pared under different conditions. The examijle set by him 
in this respect lias been followed as a matter of course in 
recent work which aims at a high degree of accuracy K Thus 
in the researches carried out at Harvard by T. W. Richards 
and his collaborators, work which does not fall far short of a 
revision of the atomic weight of nearly every one of the more 
important elements, most extensive use is made of this 
principle : 

No single method of prejmration is adeciuatefora case of tins sort...some 
entirely different method must be adopted for prejiaring another sample, 
in order to be certain that constant impurity has not found its way into the 
first, in spite of all jn-ccautions. fStius realised this. 

The constancy of the values obtained for such different 
specimens supplies the recpiired proof of the purity of tlie 
material used, fixity of composition having been assumed. 
This case is in every way analogous to that of the complete 
syntlieses and analyses discussed in the preceding chapter, 
where also the degree of agreement of the results obtained 
with the requirements of a law postulated as exact was used 
as a test of the success of the experimental work. And here 
as there, by an interchange of what is assumed and what 
tested^ we can use this type of combining weight determina¬ 
tions as a measure of the exactness of the law of fixed ratios, 
thereby supidying evidence additional to that obtained by Stas 
wlien he deliberately set to work to investigate this stoichio- 
metrical relationship. Thus in a recent re-determination 


1 The hydrogen chloride used in Gray and Burt’s density measurements was 
derived from thi'ee different chlorides {ante, Introd., p. 23). The tellurium 
compounds used in Baker and Bennett’s determination of the atomic weight of 
tellurium were treated in eight different ways (a}ite, Chapter III, p. 138); in 
Lord Rayleigh’s measurements of the density of nitrogen, the atmospheric 
nitrogen was obtained by using three different absorbents for the oxygen, and the 
chemical nitrogen was obtained from three different compounds (Studi/ of 
Chemical Composition, p. 90). 
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of the ratio sodium chloride ((7) to silver chloride the 
following values were obtained : 

(Weight of sodium chloride equi- 

Soarce of the sodium chloride valent to 100*000 parts of 

silver chloride) 


f 40-779 

Germau rock salt. J 40*779 

( 40*779 


Sodium bicarbonate and pure hydrochloric 
acid. 


40*700 

40*778 

40*780 


IV. Students’ illustrative experiments. 

1. The combining ratios of substances interacting in solu¬ 
tion are independent of the concentration. 

Experiment XXVIIl. To sliow that when a neutral salt is produced, 
the ratio of the weights acid : alkali is independent of the concentration of 
the solutions used. 

Starting wth a solution of an acid {e.g, hydrochloric or sulphuric) and a 
•solution of an alkali (je.g. potash or soda) of strength a grams per c.c. and 

b gi*anis per c.c. respectively, the required ratio is given by ^ > niid the 

pt»int at issue is to compare a miinbcr of values 

V'' h ' V"'h ' V'"' h .. 

obtained in determinations in winch to the carefully measured volumes 
V\ V'\ V"\ we have added unknown different quantities of water, whereby 
though we have altered the concentration we have not altci*ed Vh the total 

quantity of alkali n.sed. Obviously the constant factor ^ can be cancelled, 

and the results stated in terms of volumes only (provided always we work 
throughout with the same tw(» solution.s). 

Try the action of potash ami of soda, of hydrochloric acid and of sul- 
pluiric aciil, on a miinbcr of the colouring matters litmus, methyl orange, 
phonol-i)hthalein and cochij>eal, which arc the most importsint rciu*esenta- 
tives of a chiss of substances named ‘indicators*,’ and record the results in 
tabular f(U*m. Show that by the careful addition of the acid to the alkali, 
to which a few drops of indicator have been added, a point is reached at 
which a sharp ccdoui* change appears, e.g. from blue to purple (or red) in 
tlic case of litmus, frojn deep red to colourless in the case of pheiiol-phthalein; 
measiive the volumes required for this. Then, without the addition of the 
indicator, mi.v alkali and acid in this ratio, using at least 100 c.c. of the 

‘ Clowes and Coleman, Quantitative Analijais, 1911. §§26*2 et $eq., give 
instructions concerning the preparation of solutions of suitable strength/ 
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alkali. Evaponite the solution to about half its bulk and let it stand until 
crystsil.s deposit; collect the crystals^, drain on a filter plate, wash with the 
least quantity of cold water and dry on a porous plate. Compare these 
crystals w’ith the acid and alkali from which they have been niade^. 
Ascertain with all possible accuracy the relative quantities of acid and of 
alkali required for the production of the crystalline substance above studied, 
by adding tlie one .solution to a known volume of the other until the colour 
change in an indicator shoAvs tlie absence of either free acid or alkali. 

Into three beakers mejisure by means of a pipette (preferably the same 
throughout the e.xperiinent, so jis to diminish errors due to inconect cali- 
bratitui) tlirec different quantities of the same potash or soda solution ^ and 
add to each an arbitnirily chosen different quantity of water ; add an amount 
of indicator just sufficient to colour the solution*, and from a burette run 
in the acid until the colour change characteristic of the special indicator 
used has occurred. Read the burette at the beginning and at the end, 
taking all the precautions necessary for obtaining correct values (Clowes 
ami Coleman, 15)11, -25(5). 


Record of results. 

A. Form of note-book entry. 


Vol. of 

Vol. of ■ 

Vol. of sulphuric acid solution 

Vol. of acid 

original 

water 

required for neutralisation. 

required for 

undiluted 

added 

Burette readiugs at 


neatralisatioD 

potash 

1 



Difference 

of 1 c«c. of potash 

solution 

1 

1 

(i) beginning ' 

1 

1 

(ii) end 



taken 

V 



(ii)-(i) = r 

^ V 

10 c.c. 

10 c.c. ' 

1 0-00 

6-65 

6*65 (m) 

•665 

10 c.c. 

1 

20 c.c. 1 

1 G-G5 

13-35 

6-70 (m') 

•670 

1 

20 c.c. 

' 10 c.c. 

1 14-20 ‘ 

27 -40 

13-20 (n) 

•660 

20 c.c. 

20 c.c. 

27-40 

40-70 

13-30 («■) 

•665 

30 c.c. 

10 c.c. 

0 00 

20-10 

20-10 (p) 

20-15 (p') 

•670 

30 c.c. 

20 c.c. 

20-10 

40-25 

•672 


' Tlie procedure is the same as that followed in the recrystallisation of 

potassium chlorate, Chapter II, p. 91. 

- The principle is that set forth in Chapter I. 

=* Solutions about normal will prove of a suitable strength ; such solutioias 
are obtained by making up to 1 litre the solution of about 45 grams of caustic 
soda, 00 grams of caustic potash, 250 c.c. of hydrochloric acid of specific 
gravity 1 085, 250 c.c. of sulphuric acid of specific gravity 1-155. 

■» If too much is added, it will increase the difficulty of fixing with accuracy 

the exact end point. 
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B. Summary of results obtained by five members of 

a class. 


Student 



, m + m' 

n + n' 

p+p' 


2x10 

2x20 

2x30 

A 

•660 

•660 

•656 

B 

•670 

•665 

■670 

C 

•655 

•665 

•656 

D 

•670 

•665 

•666 

E 

1 

•650 

•650 

1 

•650 


As in the case of Experiment XXIV, for the majority of 
students it will not be worth while to do this experiment, but 
it has been included for two reasons, one theoretical and one 
practical : the fact which the experiment is intended to 
demonstrate, though usually taken for granted, is after all 
not one which can be assumed a priori ; it may prove useful 
to substitute this experiment for one of the moi’e laborious 
ones following in the case of such members of the class as 
may require practice in accurate titration, the technique of 
which involves certainty in volume readii^gs and an eye 
trained to the recognition of the first indication of certain 
colour changes. 


2. The composition of substances is independent of the 
mode of preparation (material used and physical 
conditions). 

(1) Synthesis of silver chloride (illustrative of Stas^ 
classical synthesis). 

Determination of the ratio silver : silver chloride, the silver 
chloride being prepared from silver 

(a) by burning in chlorine, 

(2#) by solution in nitric acid and precij)itation by 
hydrochloric acid. 

Experiment XXIX («). The gi-avinjctric synthesis of silver chloride 
hy burning a known weight of silver in a stream of chlorine and weighing 
the silver chlonde formed. 

A suitable apparatus in shown in fig. 49, p. 2.37. Tlie .silver is heated 
ill a hard ghiss bulb tube, which is bent in the blowpipe an<l supported in a 
slanting po.sition in order that tlie silver chloride formed should flow into 
the bulb, thus exposing a fresh surface of tlie silver to the chlorine and 
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ininiinising^ the danger of any of the chloride being carried away by the 
stream of chlorine. The chlorine is prepared in the usual manner from 
lumps of pyrolusite and pure strong hydrochloric acid ; it is dried by strong 
sulphuric acid. The removal of any hydrochloric acid by water, a matter 
of great importance in the density experiment {ante^ p. 43), is in this case 
immaterial. If the flask in which the chlorine is evolved is fairly large, 
and a rose burner is used for heating, it is possible to regulate the rate of 
cv4)Uitioii of chlorine ijnite easily and to have a steady current passing for 
a considerable time. At the end of the e.vperiment, the chlorine filling the 
bulb tube and that retained by the silver chloride in the bulb is removed 
Ijy fu.siiig the chloride in a stream of pure diy air. For this purpose the 
bulb tube is detached from the rest of the api>aratus, an aspirator of the 
usual form {ante, p. 89) is connected at N, and tubes or wash-bottles 
containing material for retaining moisture and carbon dioxide, e.g. soda 
lime, or potash and calcium chloride, or potash and strong sulphuric acid, 
arc connected at A/. 

Record of Results. 

Specimen of note-book entry. 


\Vt. of bulb tube-I- suspending wire.= 40*2730 grams 

,, ,, „ ,, -t-silvei- .= 42-0480 ,, 

Weight of silver.= 1-7730 ,, 

Wt. of bulb tube + suspending wire-I-silver chloride= 42-6285 „ 

.Weight of silver chloride.= 2*3>335 ,, 

100 of silver give silver chloride.= J 132-74 


(/>) The synthesis of the chloride from a known weight of mctJillic silver 
di.ssolvcd in nitric aciil and precipitated in hydrochloric acid has been 
carried out already in pyxperiment X, Chapter II, p. 90, where additional 
variation of conditioji was cttected by (a) weighing the precipitate in the 
flask in which it was produced, (/3) weighing the pi ecipitjite collected on 
a (bK)ch filter. The mean value of the results, .summarised on p. 10*2, 
(’haptcr 11, was 132*25. 

Combination of results from (a) and (It) illustrating the 

point under investigation. 


Determination of the ratio silver 


silver chloride = A : O. 


Chlovide synthesised by: 

Silver burnt in chlorine ... 

Silver dissolved in nitric acid and precipitated by 
hydrochloric acid solution . 


Ratio A : C 
100:132-74 

100 : 132-2.3 


(2) Analysis of potassium chloride. 

Using (litfei’eiitlyprcpared specimens of potassium chloride, 
determine the ratios 


(i) silver nitrate : potassium chloride, 

(ii) silver : potassium chloride. 










Apparatus for determining the weight of silver chloride obtained when 
a weighed quantity of silver is heated in a stream of chlorine. 
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, F, G. Same as in apparatus, Introductor)-, Appendix, p. 42. 

E. Hard glass bulb tube, with silver placed in stem to left of bulb. 

M, N. Glass tubes passing through corks iu stem of reduction tube, and connected by rubber tubes with D and 
F respectively. 

C, C'. Wash-bottles filled with cone, sulphuric acid. 
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(i) Determination of the ratio silver nitrate : potassium 
chloride, the silver nitrate being stated either as volume of 
solution used or as weight of the substance. 


Experiment XXS. Fiiul the ratio between the weiglit of potassium 
chloride—using differently prepared specimens—and the amount of silver 
nitrate, stated as volume of solution or as weight of solid, required for the 
complete precipitation of the chloride. 

A. The i>rcparation of the material from : 

{a) potassium bicarbonate, 

(!>) }>otsissium nitrate, 

(c) potassium chloi^ate. 


(a) Prepare potassiiim chloride by the action of pure hydrochloric acid 
on pure rccrystallised potassium bicarbonate, added until there is no more 
effervescence and the solution is acid to litmus ; remove the e.Kcess of acid 
by evaporating to dryness in a porcelain dish, grinding up the solid obtained 
and tl»en igniting in a crucible. Grind up again whilst still hot, and put 
into a small stoppered or corked weighing tube*. 


(b) Prepare potassium chloride by treating pure rccrystallised potassium 
nitrate uith concentrated pure hydrochloric acid and evaporating to dry¬ 
ness (draught cupboard); repeat this process once or twice, whereby the 
greater part of the nitric acid i.s rcj)Iaccd by hydrochloric; to remove tlie 
rest of the nitric acid griixl ui> the substsince, dissolve in the Icsist quantity 
of boiling water, add pure concentrated hyilrochloric acid and cool; 
beautiful crystals of potassium chloride will be i)recipitHted. Drain the 
crystals, wash with small quantities of hydrochloric acid, and test for the 
absence of nitrate by ‘nitron’ (sec below). If the nitrate has not been 
completely removed, rci>cat the process of prccijiitation >rith hydrochloric 
acid until this has been achieved ; hnally remove the excess of hydrochloric 
acid and preserve as in (/»)• Incidentally perform qualitJitive tests illus¬ 
trative of the reactions utilised in this j>reparation. 


(a) Hydrochloric acid, which is of about the same volatility as nitric 
acid, parti}' expels the latter from its salts. Test the solution obtained after 
the first evaporation of the chloride with nitric acid, for the presence of 
both chloride and nitrate (Clowes, Prtictical Chemistnj^ 8th ed., 1908, 
pp. 209 ct jip. 214 et 8e<i.\ Show also that after the second or third 

treatment by hydrochloric acid, the nitrate reaction becomes feebler. 


O) Chlorides are much less soluble in hydrochloric acid than in water 
(for the explanation of this in terms of the ionic theory of solution, see 
Ostwald, Princi])U‘S of Inorganic Chemistry^ James Walker, Intro¬ 
duction to Pfiysical Chemistry. To a concentrated aqueous solution of 


A small specimen tube fitted with a soft new cork answers the purpose well. 


I 
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Gaseous 

HCL 


pota^ssium chloride add strong hydrochloric acid, and note the precipita- 
tion of the crystalline chloride. The precipitiitioii 
may he made more complete if instead of adding a 
solution of the acid, gaseous hydrochloric acid is 
led into tlie solution by means of a small funnel* 
which just touches the surface of tlic liquid. 

(y) The nitrate of the organic base called ‘ni¬ 
tron ’ is so very insoluble that its formation is a 
most sensitive test for nitrates. Dissolve a little 
nitron in acetic acid, and a<ld a few drops of it to 



Fig. 50. 


about 1 c.c. of an e.xtrcmely dilute solution of nitric acid contained in a test- 
tube and further diluted by the addition of water until the tube is full ; 
allow to stand, and note the forinatit>n of a white crystalline precipitate.' 
Apply this test to the chloride made from the nitrate. 

(<*) 1 repare potassium chloride by tlie ignition of pure recrystallised 

potiujsium chlorate. 

Proceed as in K.\i)eriment IX, Chaj). 11, p. !K>, and do all you can to ensure 
the reaction being made complete by repeated gi*inding up of the solid 
folh)wed by strong heating. Remove any chlorate remaining by boilimr 
with cone, hydrochloric ucitl. * 

Show the qualitative identity of the three substances prepared umler 
('^)> (^), (<^) hy the following reactions : 

(a) Flame test, 

(/3) Action of concentrated sulphuric acid on soliil, 

(y) Action of concentrated sulphuric acid <»n solid mi.\e«l with 
manganese dio.\itle, 

(^) Action of silver nitrate on a solution. 

Apply to each of the three sami)les the tests n»r purity given by Merck- 

B. The analysis of the three specimens of potsussium chloride. 

(1) Determination of the ratio potassium chloride; .silver nitrate 
I sing puta.ssium chromate as indicator, find the volume of silver nitrate 
required lor the precipitation of a known weight (about 2 .n-am weiirhed 
out most accurately) of the potas.sium chloriile. The i»rinciple ami practice 
ol this nietlmd have been fully diseusse.l in Chap. I, when an analysis in 
every respect amdugeus to the pre.sent one was made of («) ammonium 
chloride and (h) the substance obtained by its sublimation. As a matter of 
tact that e.xperiment could fiml a place in this scries if, content with the 
<iua itative pro<,fs for the identity of the two substances, we made the 
analysis a fe.f -d the law of fi.xed ratios, which in the earlier e.vperimont 
u as a.ssuiiied. Everything that wius said there as regards the following points 
still holds good, vu. : the snrticieney, for the purpose of the e.vperiment. 

* The use of the funnel is to prevent sucking back of the solution, a danger 
due to the extreme solubility of hydrogen chloride. aangei 

Chemical Ilea^ents, their purity ami testa (1907), p. 18G. 
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of determining the volume of silver nitrate solution ; the advantage of 
expressing the relation in terms of weight instead of volume of silver 
niti-ate; and the desirability of a critical examination of the differences 
between the value found and the standard value. 


Record of Results. 


A. Specimen of note-book entry. 
Determination of the 

ratio wt. potass, chloride : <a) vol. 1 « .1 . 

^tor silver nitrate 
(6) weight! 

(Strength of silver nitrate solution used = grams per c.c.) 


Source of chloride 


Wt. of 

1 chloride 

1 A gms. 

Vol. of 
silver 
nitrate 
solution 

V c.c. 

Wt. of 

silver 

nitrate 

solution 

vm. gms. 

Vol. of Wt. of 
silver nitrate inter¬ 
acting with 1 gm. 
of potass, chloride 

V vm 

- c.c. -j- gms. 

A A 

(</) Potass, bicarbonate 

(>) 1 

•2116 

28-6 

•4862 

135-2 

2-298 

and hydrochloric 

(h) 

•3890 

52*65 

•9090 

135-4 

2-301 

acid . 

lilean 

(iii) 

1 

•4037 

54 -60 

•9282 

135-3 

135*3 

2-.300 

2-300 

(i) Potass, chlorate ... 

(i) : 

•32:20 1 

43-50 

•7395 

1351 

2-296 

(>i) 

•2116 

28-60 

•4862 

135-2 

2-298 

Mean 

(iii) 

•2019 

27 -30 

•4641 

135-2 

135*2 

2-299 

2-298 


1 


B. Summary of Results. 


Weight of silver nitrate re<iuired for the precipitation of 
gram of potassium chloride. 


Student A 
B 
C 
D 


Mean 


Potass, bicarbonate 
and hydrochloric 
acid 

Potass, nitrate 

and hydrochloric Potass, chlorate 

, acid j 

2-31 

2-28 

1 

1 2-34 

4 

2 31 

2-33 

, 2-31 

(2-25) 

2-33 

2-27 

2-.30 


1 

•2-31 

2-29 

1 2-35 

1 

2-34 

2-32 

(3-24) 

2-27 


1 (2-30) 

2-33 


1 2-32 

2-307 

2-310 

1 2-318 


Mean of whole series 


2-312 


Standard value, from combina¬ 
tion of ratios: 

Silver nitrate: silver and 
Silver : potass, chlonde ) 


2-2792 
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(ii) Determination of the ratio silver : potassium chloride ^ 

7>:C. 

Principle of the method : J^etermination of (i) the relative 
silver-precipitating power exerted on the same solution of 
silver nitrate (which is of suitable but unknown strength) 
(«) O gi-ams of potassium chloride and (b) 1 c.c. of a 
certain solution of thiocyanate (also of suitable but unknown 
strength); (ii) the absolute silver precipitating value of the 
thiocyanate solution, as measured by its interaction with a 
solution containing a known weight of silver, viz. b gi’ains 
per c.c. 

The method is analogous in principle and involves the same 
techiiique as the one used in Experiment XXVI, Chapter V, 
!>. ^17, for the measurement of the ratio silver : iodine. 


Experiment XXXI. Fiiul the ratio between tlio weight of potassium 

clilondc—using <Uftcrcntly prei)arctl spccimen.s—and the weigiit of .silver (in 

the lonn of silver nitrate) reejuired for the comi>Iete precipitation of tlic 
chloride. 

JIaterials required : 

The ditterently i»rei»arcd spccimen.s of potassium chloride (.see above 
p. 2:^8). ’ 

Pure silver (ab*iut I gram) weighed very aceurntoly, dissolved with the 
usual precautions again.st loss, and made nj) to a known volume, viz. 100 e.c. 

A siher nitrate .solution of suitable but uiiknowu strength, containing 
about 10 grams of the pure recrystallised salt in 1 litre, 

A thhicyanate .solution of suitable but unknown strength, containing 
about S gi-anis of the pure recrystallised salt in I litre. 

An iron alum .solutioji to be used as indicator. 


Procedure. 


The operations required arc : 


(C Preparation of a silver sohition of k 
instructions concerning the preparation of such 
before (p. 220). Let the weight of silver taken 


nown strength. Petailed 
a solution have been given 
be b grams and the volume 


of the solution made up from it 
silver. 


Vi C.C., then 1 c.c. contains grams of 

^ I 


• This is a value of considerable importance in the building up of the system 

of combining weights {po.t, p. 334; Stmhj of Chemical Composition, pp. 205 
et seq.). 


F. C. 


16 
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(2) The determination of tiie silver equivalent of the thiocyanate solu¬ 
tion. This corresponds to (ii) {</) in Experiment XXVI (see p. 223). The 
silver solution, which is in the dish or beaker, is measured by a pipette, the 
thiocyanate is run in from and measured by a burette. Let it be found that 
V-i c.c. of the silver solution made in (1) require for the completion of tlie 
reaction, indicated by the appearance of a pink tinge, p c.c. of thiocyanate. 

.•. 1 c.c. of thiocyanate jjrecipitates y ^ 

(interacts with—corresponds to) —grams of silver. 

P ■ * i 

(3) The standardising of tlie unknown silver nitrate .solution by the 
thiocyanate solution. Tlie procedure is the same as above in (2). 

Let it be found that P's c.c. of silver niti*ate solution is precipitated by 
a c.c. of the thioevanate. 

1 c.c. of thioevanate interacts with ~ of the silver nitrate solution, 

<2 

and 

1 c.c. of silver nitrate solution coiTesponds to of the thiocyanate 
solution. 

(4) Determination of the volume of silver nitrate precipitated by C 
grams of potassium cliloridc. This measurement, which corres])oiids to 
(ii)(/^) in E.xperimcnt XXVI i.s made indirectly by a<lding to a known weight 
of the potassitim chloride (dissolved in an arbitrarily chosen unknown 
amount of water) a volume of the silver nitrate solution which is known, 
and which is more than sufficient for effecting the precipitation, the excess 
of silver nitrate being estimated by titration with the thiocyanate solution. 

Let the weight of potassium chloride taken be.t’ grams 

,, volume of silver nitrate added to the chloride solution be . V c.c. 

volume of the thiocyanate solution required to precipitate 


the excess of silver idtrate be .r c.c. 


Calculation. 

Thiocyanate equivalent of the I'c.c. of silver nitrate used in the 
precipitation of the C grams of potassium chloride . 


V.q 

= — 7 ^ c.c. 

' 3 

(from 3) 

thiocyanate required to precipitate excess of silver nitrate .= t> c.c. 

(from 4) 

thiocyanate equivalent in silver precipitating power to 

C gi-ams of potassium chloride .. = ^ c-c. 

V b 

1 c.c. of thiocyanate solution precipitates —grams of silver (from 2) 

silver precipitated by C grams of potassium chloride =l-p- - vj- 
Weight of potassium chloride which precipitates 100 


of silver 


C X 101) 




r...b 

p. r, 


gms. 
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Record of results. 

Specimen of note>book entry. 

Weight of potassium chloride which precipitates 100 of 
silver. 


(1) Preparation of the standard silver solution. 

Wt. of silver taken =1-000 grama 
Volume of the solution = 100 c.c. 


(2) Silver equivalent of the thiocyanate solution. 


Volume of silver 
solution taken 

c.c. 

5 o.c. 

,, +15 c.c. 

xy ,, +10C.C. 

10 C.C. 


Vol. of thiocyanate 
required for precipitation 

p c.c. 

5'70 c.c. 

23-2 c.c. =4 X 5-80 c.c. 
34-95 c.c. =6 X 5*82 c.c. 
11*65 c.c. =2 X 5-S2 c.c. 


Silver equivalent of 
thiocyanate 
V^.b 

—p- grams per c.c. 


0-00859 grams per c.c. 


(3) Thiocyanate equivalent of unknown silver nitrate 
solution. 


Vol. of silver nitrate 
= 1^3 c.c. 

5 c.c. 

,, +5 c.c, 

)» It + 5 c.c. 


Vol. of thiocyanate 
_ , , , . which precipitates 

Vol. of thiocyanate required 1 c.c. of silver nitrate 

c.c. =JL 

12-4 C.C. 

25 c.c. =2 X 12-5 c.c. 

37-5 c.c. =3 X 12-5 c.c. 2-50 c.c. 


(4) Thiocyanate equivalent of the potassium chloride. 


Source of the chlorides 


Wt. of potass, chloride = C grams 
Vol. of silver nitrate 1 „ 

solution added... J 

Thiocyanate equi¬ 
valent of silver 
nitrate solution f 


added 


jqui- \ 

ilver ( 'I ^ 

ition f "Vj 


Thiocyanate re- \ 
quirecl for preci- [ 
pitating excess [ — 
of silver _ ) 


Potass. 

bicarbonate 


(i) 

•451 

40 


100 


24-10 


(ii) 

•354 

40 


100 


40-15 


Potass. 

nitrate 


(i) 

■3C6 

40 


100 


38-90 


(ii) 

•387 

40 


100 


35-00 


Potass. 

chlorate 


(i) 

•314 

40 


100 


(ii) 

•382 

40 


100 


47-65 


35-70 


16—2 
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Source of the chlorides 


Calculation. 

Thiocyanate equi¬ 
valent of C grams 
of potass, chlo¬ 
ride . 


V.q 

c.c. 


Silver precipitated by 
C grams of potass, 
chloride 

Wt. oi potass, chlo¬ 
ride required to pre¬ 
cipitate 100 grams 
silver 

Cx 100 


\ ^ 2-6 


grams 


/V.q \ V.,. h 

\ y-s Vp-K 


v-T. 


Mean = 


Potass. 

bicarbonate 


(i) 


75-9 


•6519 


69-18 


(ii) 


59-85 


5141 


68-85 


Potass. 

nitrate 


(i) 


61-10 


(’i) 


65 00 


Potass. 

chlorate 

(i) (ii) 


•5248 


69-74 


•5584 


52-35 ! 64-30 


•4496 


69-31 


69-02 


69-53 


•5524 


69-82 69-16 


69-49 


Two students who used the more laborious but no doubt 
more satisfactory method of making a special standard silver 
solution for each experiment obtained tlie following results ; 

Weight of potassium chloride which precipitates 100 of 
silver. 


Studeut A 


Student B 

_ 



Potassium 

1 Potassium chlorate , 

1 Potassium 

Source of potass. 

bicar- j 



1 

percli 

1 orate 

chloride , 

bonato 






1 

Weight of chloride 1 

= (t grams : 

1 

•2769 

1 

•4358 

•5147 i 

1 

1 1*4773 

1 

1 

2 0092 1 

2-9606 

Wt. of silver added 

= 6 grams [ 

•4040 

1 

•7214 

•8415 

1 

1 2-1G74 ' 

1 1 

j 1 

1 

4-4712 ' 

4-4460 

Excess of silver esti¬ 




j 1 



mated by titration 




! 



with thiocyanate 

= c grams , 

•0061 

•0975 

•1005 

1 

•0271 

■1701 1 

-1584 

Wt. of silver used in 

I 

1 






the precipitation of 
the chloride 

= 6 - c grams 

•3979 1 

, 1 

•6269 

•7410 

2 1408 

4-3011 

4-2876 

Wt. of potassium cblo- I 

j 

1 






ride which precipi¬ 
tates 100 of silver ! 


1 





grams 

69-6 

69*5 

69*5 

69*02 

69*03 

69*05 

5-c 




1 

1 



I 'I l [ • 

standard Value (Richards and Staehler) 69*1073- 
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3. The composition of the compound is independent of 
the relative amounts of the constituents present at 
its formation. 


The composition of water shown to be independent of the 
original amounts of oxygen and hydrogen present. 


Experiment XXXII. To find the volume of gaseous liydrogen com¬ 
bining with 1 of oxygen in tlie formation of liquid water, the volume of 
whicli is assumed to be negligible*. This exi>eriment is illustrative of Gay- 
Lussae and Humboldt's classical determination in 180.\ and of more recent 
exact mciusuremcnts by Scott in Stmlyof Cheinical Composition, p. 81‘2). 

Fig. .">1 shows an arrangement of apparatus suitable for 

(i) the j)rejiaration ami the p»n*ification of the two ga.se.s, 

(ii) the bringing t<»gcther of measured quantitie.s of the gases, 

(iii) the use of an electric spark in bringing about combination in a 
mixture of the gases confined over water. 


({■y The hydrogen is made by the action of dilute sulphuric acid on 
zinc, and is purified by j>assing it through an alkaline solution t»f potassium 
lierniaiiganate, which retains hydrogen sulphide, phosphide and arsenide- 
and carbon di«ixi<le ; the measurement ()f the gas being done over water, 
there is no need to dry it. It is very important to ensure the hydrogen 
being free from air by letting a slow stream of the gas pass for at least 
*20 minutes before collectiiiir. 


The oxygen is made from sodium 
de.scrihcd before (Chapter III, p. 114). 

(ii' It is recommemled to use ft>r 


peroxitle, and stored in the manner 
a ‘eudiometer^’ a U-tube the closed 


' It will be instructive to do the simple calculation required to show the 
perceutaRe error introduced by this assumption. The data are: * 

\ c.c. hydroRen weighs *00009 gram 
I c.c. oxygen ,, *00143 ,, 

1 c.c. liquid water ,, 1 ,, 

2 vol.'^. gaseous hydrogen unite with 1 toI. gaseous oxygen. 

3 litres of gaseous mixture weighing (2 x *09) + 1*43 = 1*61 grams form an 
equal weight of liquid water, which since its density is 1 corresponds to 1*61 c.c. 

The ratio of the volume neglected to the original volume 

1*61 

^ 3000 “ approx. 

In ordinary volume measurements the experimental error is generally much 
greater than *05 per cent. 

The interaction between these hydrides and the permanganate is one of 
oxidation of the hydride accompanied by reduction of the permanganate to the 
green manganate. Students should note the difference in the redaction of the 
alkaline permanganate in this case from that occurring in acid solution, when 
the reduced substance is colourless manganous salt. 

^ Perkin and Lean, Iiitrod. to Chevi. otid Physiat, ii, p. 100, 1901. 
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A. Kipp for tbe production of hydrogen from zinc and dilute sulphuric acid. 

B. B'. Wash-bottles filled with alkaline solution of permanganate. 

C. Apparatus for the production of oxygen by the action of water on sodium 
peroxide. 

D. D'. Aspirators for the storing and delivering of the oxygen. 

E. Three-way glass stop-cock. 

F. F'. Screw clips. 

G. Small wash-bottle containing a few drops of water, for showing the rate at 
which the oxygen is delivered. 

H. U •tube arranged to serve as eudiometer by being closed at one end, fitted 
with platinum wires for sparking, and graduated in ^ c.c. 

J. Small induction coil. 

K. Battery. 

L. Pipette to be used in the addition or withdrawal of water required for 
bringing the pressure of the gas in the closed limb of the U-tube to atmo¬ 
spheric. 

M. Trough with two beehives for the introduction of the two gases into the 
eudiometer tube. 


limb of which is graduated in 1/5 c.c. and fitted with platinum wires for 
sparking. The advantage of this arrangement is that the pressure of the 
gas in the closed limb can be easily brought to that of the atmo.sphere by 
the addition or withdrawal of water in the open limb. A certain knack, 
which can only he acquired hy experience, is required for completely 
filling the closed limb of the tube with water, a.s \vell as for transferring the 
ga-s collected in the bend of the tube to the clo.sed end. In the inejisurc- 
inent of the giiseous volumes, made with the object of finding a ratio, no 
corrections are made for temperature, pressure ami tcn.sion of a<iueous 
vapour ; tlie assumption being that temperature ami pre.ssure have remained 
the same during the course of the experiment; this also applies to the partial 
j»ressure of the a«iuc(ui.s vap<air present in the gas, rvhich is that ot complete 
saturation at one and the same temperature. 

(iii) A buttery and induction c<ul* arc used f«)r producing a spark. 


Procedure. 

By the joint actitm of the glass tap and the .screw clip /•’, adjust the rate 
of i)roduction of the hydrogen so that the bubbles pass shiwly, about 1 in 
•2 secfuuls ; when full time has been allowed for .sweeping out all tlie air 
from B and B\ collect some hydrogen in the U-tuhe, which has been com¬ 
pletely filled with water; transfer the hydrogen from the bend to the 
elo.scjl eml, equalise the levels by the additi«m or withdrawal of water, and 
take a reading ; this gives the volume of hydrogen. 

Start the delivery of oxygen fronj the aspirator at a steady slow rate by 
suitable manipulation of the screw clips and the three-way .stop-cock- 
(,'ompletcly fill the open limb of the eudiometer with water, invert it in the 
trough, and add some o.xygen to the hydrogen already present. It will be 
eouvenieiit to ascertain beforehand, by incan.s of a .straight graduated gits 
tube, the approximate volume value of each bubble of oxygen and hydrogen 

* Glazebrook, Electricity, Chapter XIII, pp. 381) et seq. 
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re-spectively as they come off at tlie adjusted rate of about 1 in 2 seconds. 
i3> countin- the number of bubbles that have passed, the volumes of the 
gases can be made api)roximately equal to any desired values. Measure 

nrL'"' oxygen and Ijydrogen, after adjusting the 

Vr 1 *'* before; this gives B, the volume of oxygen 

+ »jdiogen, which it is cauivenient to make about 20 c.e., and which should 

not .c more than 25 c.c., .so as not to get too violent an explosion when the 
gases combine. 

Keduce the pressure by withdrawing some of the water from the open 
tube, clamp the tube tightly, with its bend re.sting on a soft duster several 
times folded, hook the wires from the induction coil into the platinum loops, 
close the open end of the U-tube with the thumb, and pass a spark. The 
object of the thumb is to make the air in the open limb of the U-tube act 
as a kiml of elastic cushion, which prevents the water closing the bend of 
the tube from being hurled out by the explosion, and outside air from passing 
up into^the closed limb. Adjust the iiressure and take another reading; tliis 
gives f., the volume of tlic residual gas. Fill uj) the open end of the U-tube 
with water, close it with the flmmb, transfer tlie bubble of re.sidual gas from 
the close<l to the open limb, and test to ascertain whether it is oxygen or 


hy<hogen. 


Record of results. 


The Volumetric Synthesis of Water. 




V,.l. of 
hydro- 
' gen 

Vol. of 
hydro¬ 
gen 

-t- 

oxygen 

/; 

1 

^■ol. of 
; oxygen 

; n - A 

Vol. and 

1 nature of 

residual ga.s 

i 

c 

V.d. liy. 
j diogen 

1 mixed 
.with 1 vol. 
1 oxygen 

A 

Vol. hydrogen 

combined 

with 1 vol. oxygen 

i A A-C 

1 



i 

h.wlrotfcii uNygen 

H - A 

' n-A-CJi-A 

1 

Exp. 

1 

15-0 


20-2 

12-8 

1 0-78 

1 

1 202 

99 

2 

0-5 

21 4 

14-9 

11-6 

1 0*44 

i 1-97 

i 1 

3 

' 10-8 

25-8 

1.5-0 

9G 1 

0-72 1 

2-00 

t » 

4 

I 

18-3 

11-8 

8-7 1 

055 ! 

(2-09) 

9 f 

5 

! 12-8 

27*8 

1.50 

8-6 I 

0-8.5 1 

200 

9 t 

6 

1 14-4 

28-8 

14-4 

7-2 1 

1-00 1 

2-00 

9 f 

7 , 

10-4 

19-4 

9-0 

3 8 

1-16 

2-00 

« t 

8 , 

10 2 

18-8 

8-6 

3-7 

110 

(2-08) 

99 

ff ; 

9 8 

18-4 

8G 

3-7 1 

1-14 

2-00 

9 1 

10 ! 

8'G 

13'8 

.5-2 

1-0 

1-6.5 

2-0-5 

9 9 

11 1 

14-G 

22-2 

7-6 

0-2 ' 

1-02 

2 02 

9 1 

12 

10-4 

14-9 

4-.5 i 

1-5 

2-31 

1-98 

f 9 

13 

21 G 

28-.5 

G-9 ' 

8-.3 

313 ' 

(1-93) 

f f 

14 

23-2 j 

27-7 1 

4-5 

14-3 i 

5-15 1 

1 

BXean = 

1-98 

2-00 


The above 14 results were obtained in two different years by students working 
111 pairs. 


The Lmo of Fixed Ratios 


249 


4. The composition of substances is independent of the 
differences in the conditions operative in their natural 
and artificial formation. 

The composition of native Iceland spar shown to be the 
same as that of artificially prepared precipitated calcium 
carbonate. 

Experiment XXXIII. Determination of the weight of cnlcinni car- 
Ijoiiate obtained by precipitating a sohition «)f a known weight of Icelaml 
spar in bvdrochloric acid by a<ldition of ammonium carlionate. (This 
experiment is illustrative of Proust’s classical research t)ii malachite an<l 
artificial copper carbonate.) 

The experimental w«)rk involved in the production, collection and weigh¬ 
ing of the precipitate could he made identical with that ilescribed in 
every text book of (piantitative analy.sis umlcr the heading “ K.stimation of 
calcium ascai'bonate”(r?.'^. C?lowcsand Coleman, Qtmutitativc 1911, 

14i5, 146\ and if they work on these line.s, students can incidentally add an 
important item to their knowledge of analytical work. But on the other haml, 
the special jmrpo.se of the exjieriment makes it <lesirable to carry it out in 
as simple a manner as jmssible, so as not to obscure the point at issue by a 
mimber of incidental chemical changes arraijged so as to counteract one 
another. Tims the dilliculty of complete separation of the filter paper from 
the precipitate is generally overcome l>y heating the paper, ti>gcther with 
that |>orti4)n of the precipitate which clings to it, t») a temperatnre .so high 
that the organic matter (celluh).se) composing the paj)er is destroyed, and 
only an extremely small weight of ‘ ash ’ (inorganic substance.^, stable at high 
temperatures) is left. But in this proce.ss, ktiown as the ‘burning «)f the 
filter paper,’ the high temperature and the lu'osenco of the reducing agent 
carlHui ^separated out in the chairing ami only burnt away later) generally 
cause some chemical change in the adhering precipitate, e.g. sus in this case, 
change of calcium carbonate into oxide. Hence the solid mixed with the 
ash must be ma<le to undergo some further change, which is bring it 
back to its «u*iginal comlition, fi.g. heating of the calcium oxide with am¬ 
monium carbonate. To avoitl the necessity of carrying out a number of 
ju’oce.sse.s which involve the application «)f a considerable amount of previous 
knowledge of the projierties of calcium carbonate, it will be better to use 
either a (Jooch crucible I'.see p. 100) or a so-called ‘weighed filter paper.’ 
But owing to the difficulty of getting a filter paper to constant weight, 
students are recommended to use a ‘counterpoise*! filter paper.’ If we 
start with two filter ])apers dried under identical conditions, and make 
their weights cipial by snipping off bits from the heavier one, and if then 
throughout we treat the esninterpoise filter in exactly the same way as that 
holding the precipitate (dry both in the same oven Vor the same length of 
time, keep both in the .same de-siccator, etc., etc.), and if then finally we 
place the filter and precipitate in one balance pan, and the counterpoise paper 
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with the weiglits in the other paw, there is every chance that any change 
produced in the weight of the one paper (such as that due to absorption of 
moisture) will be produced to the same extent in the other, and therefore 
the weiglit of the filter paper does not enter into the calculation at all. 

Iceland spar, a very pure variety of native calcium carbonate*, is a sub¬ 
stance interesting from a gi'eat many points of view. It is found in a cave 
in Iceland which when it wsis discovered was filled with this form of clear 
crystallised calcite ; its cleavage is perfect along the rhombohedral faces, a 
sliai'p blow producing u number of absolutely perfect small rhombohedra; its 
special optical pi-opcrties are strongly marked and are used in the instru¬ 
ment known as Nicol’s prism 

A known weight of the spar, assumed to be quite pure calcium carbonate, 
is dissolved in dilute acid, when carbon dioxide is evolved and a new 
calcium salt remains in solution. The calcium is precipitated as carbonate 
by the addition in excess of soluble carbonate ; the precipitate is collected 
and weighed. Concordance between the weight of spar used and tlie 
weight of precipitated carbonate is tjikcn as indicating identity of compo¬ 
sition. It should be realised that in so doing the as.sumption is made that 
all the lime originally present in the spar is also present in the prccipiUited 
carbonate, ie. that the solution of the spar in acid Ints not involved the 
removal of anv calcium : also that no calcium Inu> remained behind in the 

V * 

liquid from which the precipitate has been removed. It would take us too 
far if at this stage we were to attempt to demonstrate the validity of these 
two assumptions, but it is very important that students should reali.se that 
ai» iissumption most imj>oi*tant and fundamental has been made. But if, as 
is assumed, the amount of lime present in the Iceland spar and in the 
precipitated carbonate is the same, and if we find that the carbonates 
themselves have the same weight, then the amount of carbon dioxide must 
also be the same, and hence the ratio between lime and carbon dioxide is 
constant. 

Procedure. 

Put .some filter papers to dry, keeping them at a temperature between 
110° and 120° for at least an hour. Ctninterpoise two of these papers 
against each other, and cut the heavier until the weight of the two is 
accurately the same. Carefully weigh a small empty porcelain dish which 
ha.s been heated and then cooled in the desiccator. In this dish weigh a 
few clear crystals of Iceland spar (about 1 grim); then ti-.iusfer them to a 
clean beaker of about 100 c.c. capacity, add about 25 c.c. of hydrocbloric 
m-id—the bench reagent will do—cover with a watch-glass and heat very 
gently on a sand bath. When solution is'complcted, rin.so the umlersidc of 
the \vatcb-glas.s into the beaker, add ammonia until the solution just smells 

‘ The two minerals calcite and aragonite, crystallising in the rhombohedral 
and rhombic systems respectively, were shown as far back as 1788 to be chemi¬ 
cally identical, both of them being calcium carbonate. 

3 See Miers, Mineralogy^ 1902, pp. 128, 130, 392 et seq. 
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of it, heat to boiling and gradually add a solution of aininoninin carbonate; 
the reason for the neutralisation by ammonia preceding the adilition of 
ammonium carbonate is the necessity of preventing violent effervescence 
with its attendant danger of mechanical loss. Let the precipitate settle, 
pour in a little more ammonium carbonate to sec whether the precipitation 
has been complete. Filter whilst still hot through one of the counterpoi.sed 
filter paj)crs; Wiish with hot water till the wa.shings are free from chloride ; 
cover up the funnel and set it to dry in an oven whose tempcratiu’e .shouhl 
be well above 100“ (to remove all moi.sture), and which must not be above 
120“, lest the filter paper shonhl be charred and the e.xperimcnt spoiled. 
When the filter paper and the precipitate are fairly dry, remove them to 
the j)reviou.sly weighed dish ; place the di.sh and its contents, to which the 
counteriK)isc<l filter paper has been added, in the oven, and leave them there 
for two or three hours longer. Cool in desiccator, and when (piite cold, 
weigh, placing the dish and its contents on one scale pan, and the counter¬ 
poised filter pai>er together with the requisite weights on the other. Put 
back into the oven for an hour or so, cool and weigh sis before, sind repesit 
the j)rocoss until two successive weighings do not differ by more than 
1 milligram. 


Record of results. 


A. Specimen of note-book entry. 


The weight of precipitated calcium carbonate obtained 
h’om a known weiglit of Iceland spar. 


Wt. of empty porcelain dish, pro- 
viously lieated and cooled in 
der>iccator . 


Wt. of dish ^ spar. 

.•. Wt. of spar . 

.. — « 

Wt. of dish-h carbouate 

... (i) 


(h) 


(hi) 


(iv) 

. •. Wt. of precipitated 

car- 

bouate. 

. -h 


Difference between weight of 
spar and of* precipitated 
carbonate . - b 


This difference expressed as 
percentage of weight of apar 

a -- h 


100 


it 


(«) 

(ii) 

{iiil 

24-678 

26-879 

1 

22-34.5 

2.5-748 

27-898 

24-200 

1070 

1-019 j 

1 856 

-J-25-75-2 
+ 26-7V.) 

+ 2o-74<i 

, -f-27-904 i 

-4-27-902 , 

' -4-27-897 1 

-i- 27-896 

-f 24-208 
-b 24 -203 
-i- 24-202 

1-071 ; 

1 

1-017 

1 

1 

1-857 

-hO-OOlyms. ' 

* 

-0002#;rns. 

1 4 

' 1 

-f-0-002 gms. 

-t-Ol 

1 

-0-2 

+ 0-1 
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B. Summary of results obtained by a class of five 

students. 

In the experiments marked (P), the precipitated carbonate was weighed 
on a counterpoised filter paper; in those marked (G) a Gooch cinicible was 
used. 



« 

Weight of 
Iceland spar 

= a 

Weight of 
• precipitated 

1 carbonate 
obtained 

, =b 

» 

1 

Difiference 

Difference 
expressed as 
percentage 
: of a 

‘ (a-6)100 

a 

Student A 


1 

( 



(P) 

1*002 gm«. 

' 1*000 gms. 

+ 0*004 gms. 

4-0*4 

(G) 

1*158 „ 

1*155 „ 

-0*003 „ 

-0*3 

B 


1 



(P) 

0*925 

' 0*:)22 „ 

1 - 0 003 „ 1 

-0*3 

(G) 

1*230 

1*228 „ 

1 -0*002 „ 

-0*2 

.. c 





(P) 

0*991 ' 

' 0*988 ,, ! 

! -0 003 

-0*3 

D 





(G) 

0*758 1 

0*750 ,, 

-0*008 

- 1*0 

E 

1 

1 



(P) 

0*950 .. 1 

0*953 ,, 

4-0*003 ,, ' 

4-0*3 

(G) 

0*489 ,, 

0*494 „ 

4-0*005 „ 

4-1*0 

Total of 8 ex- ) 

^ A a 

7*503 1 

7*490 

-0*007 

-O 1 

penmcuts ) 

1 





CHAPTER VII 


THE LAW OF MULTIPLE RATIOS 

I. Nature and Scope of the Law. 

1. Existence of more than one compound of the same 
constituents A and and characteristics of such 
substances (7,, Co, Cj. 

Proust, the successful champion of the doctrine of fixity 
of composition, had in the wide range of his stoichiometrical 
measurements come across this class of substances which at 
first sight seems an exception to the law. Having worked with 
the two sulphides of iron, the two oxides of tin, and the two 
oxides of copi)er,he recognised and stated clearlyaiid definitely 
tiic difierences between substances of tliis t^’pe and mixtures. 
In the case of m/x f if ?•€(> of the comi)onents^ A and J5, a theoreti¬ 
cally infinite number of combinations is x^ossible, composition 
as well as properties varying continuously ; in the case under 
consideration C',, On, O^ are co7nponNdd of the same consti¬ 
tuents A and B, because for each of them properties and 
composition are fixed, and the variation in both these respects 
from Cl to Ca, from Cn to Cj, etc. is sudden and considerable, 
with which goes the further fact that the number of compounds 
containing the same constituents cannot be indefinitely great 
and is in fact small, 2 or 3 being the most common number, 
whilst 4 or 5 occur but rarely ^ 

^ For the sake of simplicity the argument assumes 2 constituents only, but 
of course everything said is equally applicable to more complex substances in 
which the number of constituents is 3, 4, 5 or even more. 

* This is exclusive of carbon compounds, in which, owing to special circum¬ 
stances, viz. the high valency of the carbon atom and the power possessed by 
it to satisfy some of these valencies by combination with other carbon atoms, 
t>»e number of combinations between the same constituents is very large. 
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It should be useful to introduce at this point a number of 
students’ experiments illustrative of the characteristics of the 
class of compounds under consideration, in which {a) the 
constituents are the same; (6) the properties are different; 
(c) the ratio between the constituents is different. 


Y—b 


Experiment XXXIV. 

Synthesis of two iodides of mercury. 

Five jp’ains of inoicury rubbed in a inoitar ^vith about 3 gfi’ams of iodine 
yield a green powder; tlic aiiine amount of mercury rubbed with about 
twice the former amount of iodine yields a brilliant red powder. The 

difference in colour, together with the mode of pro¬ 
duction, show the existence in this case of the 
relati<uis above enumerated under {a\ (c). 

iSloreover, (r) is easily demonstrated in a striking 
manner, by converting one compound into the other 
by adding one or other of the con.stitiicnts: the 
green powder when nibbed with more'iodine be¬ 
comes red ; the red when rubbed with more mer¬ 
cury becomes green. The original weighings need 
not be done at all accurately; ;is a matter of fact 
we can dispense with all weighings by starting with 
a rcr.v fexn crystals of iodine and rubbing these 
with mercury added in very fine drops (sec fig. 52), 
until first a red and then a green powder isobtuiiied, 
and afterwards reproducing the red i)Owder by the 
addition of more iodine. The combination is gi’eatly 
facilitated by the addition of a few drops of alcohol 
(or methylated sjurit), which by dissolving the 
iodine iiicrcjises the surface of c«>ntact betw’een the 
iodine and mercury, and which, owing to its cjisy 
volatility, is removed automatically in the coui'se 
of the process. 



---a 




Fig. 52. 

a. Bottle containiug 
mercury. 

h. (ilass tube drawn 
out to fine u02zlc. 


Experiment XXXV. 

Synthesis of two chlorides of copper. 

The process consists in i>reparing a new and different substance by the 
addition of more copper to the gi’ccn salt knowni to be a chloride of copper. 
Either start with commercial cm>ric chloride, the composition of which 

Thus ill lUchtor's Lexicon der Kohlenstoffverhindungen (1900) about 050 hydro¬ 
carbons—combinations between the elements carbon and hydrogen—are dealt 
with. This number of course does not represent all that can exist, only those 
that so far have been isolated and studied, and additions are continually being 
made. 
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may be assumed as known, or prepare a solution of this substance^ by : 
(i) synthesising the black oxide of copper 
by either heating copper in a stream of 
air {ante^ p. 89) or dissolving copper in 
nitnc acid, evaporating to dryness and 
igniting^; (ii) dissolving the black sub¬ 
stance in hydrochloric acid. This procedure 
establishes the green substance as a com¬ 
pound of copper, but unless we assume 
previous knowledge of the compo.sition of 
hydrochloric acid, and of the nature of tlie 
double decomposition which occurs when 
an acid interacts with a metallic oxitle, 
we shall not really know anything dofiuite 
about the nature of the constituent B 
combined with the copper ; the produc¬ 
tion of an identical substance by burning 
copper in a stream of chlorine would give 
the required additional information. For 
the right interpretation of the next proce.ss, 
which consists in the heating of the green 
chloride with more copper, it is essential 
to remember that in the absence of air 
copper does not dissolve in hydrochloric 
acid, and hence that such reaction as oc- 
cui*s is one between the green chloride and Fig. 53. 

tlie copper. 

In a round-bottomed flask of about *200 c.c. capacity, fitted with a cork 
and glass tube drawn out to a fine nozzle, place about 2 grams of crystalline 
gi een chloride of copper (or the solution obtaiifed from about 1 gram of 
copper) with about lOU c.c. of concentrated hydrochloric acid and about 

» In the current eystera of chemical nomenclature the termination ‘-ide,’ 
distinctive of a binary combination, is allixed'to the more electronegative of 
tlie two components, ‘copper oxide,’ ‘copper chloride' being the names given 
to any combination between the two elements copper and oxygen, copper and 
chlorine respectively. When there are several combinations between the same 
constituents, these are differentiated by the addition of the suUixes ‘-ous’ and 
‘■ic’ to the other component, cupric oxide being the combination containing 
comparatively more oxygen than the cuprous oxide; or ‘ oxide ’ is qualified by 
the prefixes ‘ mon-,’ *di-,’ etc., as carbon juouoxidc and carbon dioxide; or 
‘ sub-, ‘ hypo-, ‘ per- ’ are used to indicate the gradation in the relative amount 
of the constituent to which they are prefixed, as copper suboxide and copper 
oxide, lead oxide and lead peroxide, bypochlorite and chlorite. 

* Students are recommended to consider what form they would give to a 
simple experiment intended to demonstrate the identity of the substance thus 
obtained with the oxide of copper produced by direct combination of the copper 
and oxygen. 
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(f To Pump or Aspirator 


o gr.iins of copper turnings (copper wool would do very well); heat gently 
on a sand bath in the draught cupboard. Note the change of the gi'een 
colour to oi>aque brown on the ad<lition of the concentrated acid*, the 
gradual disappearance of the colour and its reappearance when, on stopping 
the heating, air enters through the capillary nozzle. When the liquid has 
become quite coloui’Icss, pour some of it whilst still hot into a tall cylinder 
filled with water, when a crystalline white precipitate will be formed, shoeing 
that the substance produced from the green chloride by the actioii of copper, 
whilst soluble in concentrated hydrochloric acid, is insoluble in watei*. 
Keinove c.\ccss of hydrochloric acid by wsishing by decantation, place some 
of the white crystals in a small beaker and add a little chlorine water, noting 

the almost instantaneous production 
of a green .solution which, as far as 
appearance goes, is the same sis the 
original green chloride. Fut another 
lot of the crystals into a Husk with 
dilute hydrochloric acid, or take some 
of the cohmrless solution somewhat 
diluted with water, and draw a stream 
of air through the solution (fig. 54). 
The white crystals will disappear and 
a green s<*lutioii be formeil, hydro- 
chloj’ic acid ainl air (or rather the 
lug. oi. oxygen cinitaincd in the air) producing 

an effect e<iuivalent to that of chlorine. 

Hence, though the proof has not been complete, what has been done 
establishes a strtmg likelihood that the green cry.st;xls soluble in water and 
the white cry.stals insoluble in water are both compounds (»f copper with 
chlorine, anil that the difference between the two substances is due to a 
dilference in the relative amounts of the two constituents, addition of 
copper to the green substance producing the white, and aililition of chlorine 
to the white producing the green, a cycle of changes which can be repeated 
an indefinite number of times at will. 



Experiment XXXVI. 

Synthesis of carbon dioxide from carbon monoxide and 
oxygen, the composition of the carbon dioxide itself 
being either assumed as known or determined as part 
of the experiment by the direct combination of carbon 
and oxygen. 

1 Solid crystalline cupric chloride (which contains water of crystallisation) 
as well as strons aqueous solutions of the chloride, are green; the anhydrous 
salt and solutions in concentrated hydrochloric acid are brown; dilute aqueous 
solutious ai'C blue. For an explanation of these colour changes in terms of the 
ionic theory of solution, see Ostwald, Fotindatious of Analytical Chemistry, 3rd 
ed. 1008, pp. 129 et seq.\ Walker, Introduction to Physical Chemistry, 6th ed. 
1910, pp. 354 et seq. 
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Though the composition of carbon dioxide (for summary of properties 
see ante^ p. 210) may be demonstrated by analysis—a brightly burning 
strip of magnesium ribbon, when plunged into a jar of tlie gas, continues to 
burn, and black carbon is deposited—synthesis supplies a simpler and more 
conclusive proof.—The simple apparatus depicted in fig. 55, in which some 
pure carbon in the form of lampblack is burned in a stream of oxygen (or 
air), and the gas fonned tested by lime water, shows the principle of the 
method, which in order to supply real proof would have to include a number 
of other tests, qualitative and quantitative, of the gas W’hose identity with 
that obtained by the action of hydrochloric acid on marble we wish to 
establish. 



The object of the present experiment is to show that carbon dioxide 
can also be produced by the addition of oxygen to an inflammable gas ob¬ 
tainable in a variety of ways. The following method of preparing this gas 
consists in the decomposition of oxalic acid by concentrated sulphuric acid, 
and the storing in an aspirator of the portion of the gjuseous mixture 
produced which is not absorbed by potash (fig. 56). 

Procedure. 

With (?, the glass stop-cock placed so as to connect .Fand //, and \ritli 
L open, raise K and let water flow into J until all air has been expelle<i 
from it and the delivery tube attached to it, after which ch>se L. h’roin 
tlio dropping funnel let enough concentrated sulphuric acid fall into A to 
cover the solid oxalic acid, and heat with a eery small flame; when the 
reaction has been sbirted it will probably be necessary to take the burner 
away, and perhaps even to cool the bottom of the ri;isk by immersion in a 
trough with cold water, so as to prevent the evolution of the gas occurring 
at a rate too fiist for the comi)lote removal of the portion absorbed by 
potash. At this stage it may be desirable to get some rough idea conceni- 
ing the quantity of gas rejected before collection in J is begun. This can 
be done by placing // under the beehive in the trough, and collecting the 
gas in cylinder, the volume of which is approximately known and allows 
of a comparison with that of the wliole apparatus A~F, itself approximately 
evaluated. Two cylinders of about 150 c.c. capacity each make a useful 
combination: whilst the second is being filled, the contents of the first are 

F. C. 
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tested witli a lighted taper, after which it is filled again with water— 
prcfembly by imnicrsion in the trough if this is of suitable size—and got 
ready for collecting the gas by the time the second is full, which then has 
its contents tested in turn. This process is continued until from the voluino 
collected and the behaviour of the last cylinder full of gas testeil, it neetuif 
probable tliat all the air has been e.xpelled.—When ready to collect the gas 
in J’, turn the stop-cock O so as to connect with L being closed and 
the aspirator A'lowered.—After collecting a sufficient amount of gas in 
ag-ain make connection between F and //, the open end of which is placed 
under a draught chimney or over a Bunsen tlaine so as to dispose of the 
gas, wliich is highly poisonous. 

Test the gas stored in J with the special object of showing its tliftereuce 
froni carbon dioxide: 

Action of potash. The mode of collection shows that it is not absorbed. 

Action of lime icatcr. The absence of a precipitate in A’sliows that 
there is no action similar to that of carbon dioxide. 

Injfain/nabiliti/. A taper plunged into a cylinder filled with the gas is 
cxtinguishetl, but the gas burns at the mouth of tlie cylinder with a charac¬ 
teristically coloured fiame, like that sometiiues seen over the clcjir glowing 
coal of a fire which has stopped emitting jets of luminous flame. The flame 
will show specially well if a tall, rather nairow cylimler is used, the gas 
lighted and some water poured rapidly into the cylimler down its side.— 
The product of combustion of the gas gives the lime water test for carbon 
dioxide, as can be easily shown by pouring a few c.c. of cleai- lime water 
into a cylinder full of the gas‘, igniting it and shaking up with the lime 
water when combustion has ceased. Hence the gas tbrmc<l be carbon 
dioxide; students are recommended to consider what further work wouKl 
be rcipiired to change probability into certainty.—Supposing this necessary 
additional work to have been done, we should be justified in inferring that 
since the inflammable gas under consideration is by burning (combination 
with oxygen) changed into carbon dioxide, known from its synthesis to be 
a compound of carbon and oxygen, both gases are oxiilcs of carbon, and the 
difference in their jn-operties is due to the presence in the carbon dioxide 
of a relatively gi-eater amount of oxygen. The validity of this view can 
be demonstrated by making the inflammable gas from carbon dioxide by 
tile addition of more carbon, which can be accomplished by leading it over 
heated charcoal (see fig. 57). 

Procedure. 

D and E being disconnected, the charcoal in E is made red-hot, the 

current of gas from A is sUirted .so as to expel all air from B, C\ and />, 

and cemnection is then made ; the rate at which tlie gas is allowed to piiss 

should be a cenj slow one, so as to ensure completeness of tlie action 

which occurs when it comes into contact with the strongly heated charcoal 
in E. 

‘ Remember the necessity of using boiled-out water in any work involving 
the lime water test for carbon dioxide {ante, p. 172 ). 


17—2 
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\ WaBh-bottle containing lime water. 

3. Trough with beehive, etc., to collect the gas. 

‘ Some asbestos paper in the form of a pent roof put over the tube greatly increases the efficiency of a Eamsay burner. 
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Experiment XXXVII. 

Analysis of the two carbonates of potassium. 


The o.^istence of two different salts, both i>roduced from ptdash and 
carbon dioxide, lias long been known. The following table summarises 
for these two substances the various proj)ertie.s pertinent to our present 
enquiry. 


(a) The constituents are the 
same, as is proved by : 

(i) Syuthesis 


(ii) Analysis 


(b) The two substances have 
different properties; 

(i) State of hydration 

(ii) Solubility in water 

Wt. dissolved by 100 grams 
water at 20° 
at C0° 

(iii) Action of beat 


(iv) Action of carbon di< 
oxide 

(v) Magnesium sulphate 
solution added to the 
solution of the salt 

(vi) Mercuric chloride so¬ 
lution added to the solu¬ 
tion of the salt 


Normal Carbonate 
or 

Monocarbonate 


Acid Carbonate 
or 

Bicarbonate 


\ 

I 


Made directly b}' leading carbon dioxide into 

potash solution 


Treated with dilute acid, both evolve carbon 
dioxide: both give the tlame coloration and all 
other reactions characteristic of potassium com¬ 
pounds (Clowes, Qnalitath'e Analij/tis, 8th ed., 
I>. 115); both turn litmus blue 


Crystallises with water 
Very soluble 


Crystallises without 
water 

Sparingly soluble, easily 
recrystallised from hot 
water 


112 grams 
127 „ 

Solid fuses and then re¬ 
mains unchanged; so¬ 
lution not changed 

The gas is absorbed and 
the salt changed into 
the acid carbonate 

Immediate precipitate 


j 26*9 grams 

' 41-3 „ 

Both solution land solid 
lose carbon dioxide and 
pass into the normal 
salt" 

I No action 


No precipitate until 
heated 


Red precipitate 


White precipitate 
changed by heat to red 


(c) The observed differences 
in properties are due to 
a difference in the rela¬ 
tive amounts of carbon 
dioxide and alkali 


Evidence for this is supplied by (iii) and (iv) 
above, which show how the addition of more 
carbon dioxide to the normal salt produces the 
acid salt, whilst conversely, removal of carbon 
dioxide from the acid salt produces the normal 
salt 


For footnotes 1 and 2 see p. 262. 



262 


The Latv of Multiple Ratios 

No special directions are needed for performing the 
greater number of the above experiments. To do (a) (i) and 
(Z>) (ii) would require a disproportionate amount of time. 
Experiment (6) (iv) is instructive as showing how the bicar¬ 
bonate can be actually prepared; various plans are recom¬ 
mended in different text books®, the starting-point being 
alwaj^s a saturated solution of the normal carbonate; and 
it will be a saving of time to prepare this beforehand by 
making a hot saturated solution, allowing it to stand, and 

’ The decomposing effect of heat on the solution must be taken into account 
when trying to recrystalHse the acid carbonate; heating to too high a temperature 
or for too long a time would produce so much decomposition as to transform a 
great portion of the acid salt iuto the normal salt, separation from which may 
be the very object of the process. This diflSculty can be overcome by leading 
carbon dioxide into the hot filtered solution (see fig. 58) contained in the 



Fig. 58. 


crystallising dish. In performing the differentiating tests (v) and (vi) between 
the two salts, and in any other case when bicarbonate free from carbonate is 
wanted, the solution must be effected in the cold (by shaking up the finely- 
powdered substance with cold water); and the further precaution of a pre¬ 
liminary ‘washing’ of the solid with small qvrautities of cold water, to remove 
any outer layer of changed salt, is desirable whenever practicable. 

- This property is made use of in cooking, when a dough into which some 
acid carbonate (of sodium) has been incorporated wliilst cold is made Might’ by 
the bubbles of carbonic acid gas produced on heating, which are retained in the 
elastic structure provided by the gluten of the flour. 

^ Emerson Keyuolds, Experimental Chemistry, Part III, Metals. 
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pouring off the liquid from the precipitated crystal cake as 
wanted. 


Experiment XXXVIII. 

Analysis of the two sulphates of potassium, usually called normal 
or luonosulphate and acid or lusulphate respectively. 

(а) Both salts give all the analytical tests for putiissium and for sulphate 

(Clowes, Qua/itatice 8th ed., 1908, pp. 113, 198). 

(б) The salts differ in (i) appearance—examine the crystals with a lens, 
or watch through a low-powcr microscope the deposition of crystals fi*om 
drops of saturated solution placed on a slide; (ii) solubility ; (iii) action on 
moist litmus, one being neutral an<l the other acid; (iv) behaviour when 
heated, the normal salt remaining st)lid and apparently unchanged, whilst 
the acid salt fuses easily (M.B. 197') and at a red heat is dcconip<»>>cd with 
the evolution of sulphuric aciil. 

(r) The differences observed under (t) are due to the relatively different 
amounts of acid present; Some powdered crystals of the acid salt con¬ 
tained in a small crucible, when heated very strongly—either by the foot- 
blowpipe flame, a Meeker, Teklu, or any other sjiecially effective burner— 
yiehl fumes of sulphuric acid*, which can be condensed for purposes of 
subsequent testing by stopping the heating and placing a cold lid on the 
crucible. The residual substance can be identified as the normal neutral 
salt inily if the decompevsition has been matlc complete, which j*e(juires a 
high temperature but can be esisily achieved by the direct heating in the 
blowpipe flame of a head of the acid sulphate lield in a looj) of platinum wire. 


Experiment XXXIX. 

The relationship between potassium chlorate and potassium 
perchlorate. 


Students are rccommeiuled to rea<l carefully the directions for the 
laboratory preiiarati^m of these two salts (Bruce and Harper, Pructiml 
Cheniistri/y p. 32; Bilt/-, Ltihtn'ntortj Methods of Inorganic Chemist 
p. 118) which in the case of the chlorate consists in the action of chlorino 
on hot concentrated j)otash soluti»>ii, tbllowcil by the separation <»f the less 
soluble chhjrate li'om the iinu'e soluble chloi’iile forineil simultaneouslv; 
whilst the perchhu'ate is ma«lo by heating tlie chlorate to a <lefinite tem¬ 
perature. fi*llowed liy separati»m from the simultaneously fornietl ehhu'ide 
ami the undecomposed chlorate - unte^ Chapter II, p. 91). 

The iireparathm <if the perchlorate, which does not require the setting 
up of any special apparatus, is an experiment which well repays the time 


* lliis is the property utilised when the acid potassium sulphate is used to 
supply the free .sulphuric acid required for the occurrence of certain reactions; 
e.tj. in testing for a fluoride or tluo.silicate by the green coloration imparted to 
the non-luminous Bunsen flame by volatile boron fluoride, a bead is made from 
the solid obtained by mixing the substance to be tested with borax and acid 
potassium sulphate (Newth. Mmuial of Chemical Analysis, 1909, p. 135). 
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spent oil it. Starting with about 15 gi*aius of chlorate—which of course 
need not be freed from chloride present as an impurity—heat in a small 
dish or large cnicible, finding out by trial the conditions effective for the 
production and maiuteuance of the required temperatui*e, viz. between 380° 
and 400°, recognised by the slow continuous evolution of a gas from the 
fused mass. At intervals withdraw a little of the fused mass by dipping 
in the end of a very thin glass rod, and test for chlorate by boiling ivith 
dilute hydrochloric acid (evolution of chlorine); when this test show’s 
that little, if any, chlorate is left, decompose the residual chlorate by 
evaporating to dryness with hydrochloric acid. Separate the perchloi-ate 
from the chloride by fractional crystallisation ; inspection of the solu¬ 
bility diagram given in Chapter li, p. 90, will show the desirability of 
removing at the outset as much chloride as possible by repeatedly shaking 
up the finely ground solid with small quantities of cold water, after which 
the residue is dissolved in the least possible quantity of boiling water, and 
the crystals which separate out on cooling are dmined, Wiished with small 
quantities of cold water and tested for the absence of chloride and of 
chlorate. 

It will be desirable to invert the order followed in the previous e.xperi- 
ments and to begin the comparative study of the chlorate and perchloi*ate 
by the considei*ation of the dittcreiices between the two substances. The 
following table summarises these differences, giving alike those most suit¬ 
able for rapid testing, which should be done by students not already 
familiar with them, and those others winch, since they are quantitative, 
take too much time to be used in ordinary classes. 


I Potassium chlorate 


(6) Differences in proper- j 
ties: ! 

(i) Solubility 


100 gms. water dissolve at 
20 ° 

100 ° 

(ii) Formation 


(ill) Action of heat 


(iv) Action of concen¬ 
trated sulphuric acid 
on the solid 


Potassium perchlorate 


Both sparingly soluble in cold water, but perchlorate 
so much so as to be almost insoluble; hence its use 
as a test for potassium 


8 grams 
S6 




By the action of chlorine 
on hot strong solution of 
potash, and separation 
from the chloride by ciy- 
stallisation 

Melts at 359° C. and 
begins to decompose at 
372° C. into perchlorate, 
chloride and oxygen 

The chloric acid first 
liberated is decomposed 
into oxygen and an 
orange - coloui'ed explo¬ 
sive gas which is an oxide 
of chlorine 


1'7 grams 
18 




By heating the chlorate 
to about 400° C., when 
perchlorate and chloride 
are formed, and oxygen is 
set free 

Decomposes above 400°C. 
into chloride and oxygen. 
M.P. 610 

The perchloric acid liber¬ 
ated is so stable that it 
can be distilled 
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Potassium chlorate Potassium perchlorate 

(v) Action of dilute No action in the cold No action 
hydrochloric acid on (difference from hypo- 
the solid chlorite); on heating, 

chlorine is evolved, the 
chlorate being reduced 
to chloride 

{a) Identity of the constituents. 

That tlie chlonite and perchlorate contain the .same constituent ele¬ 
ments can be sliown by analysis, the products of decomposition by heat 
being the same for both, viz. o.xygcn and potsissiuni chloride. It is a simple 
matter to show that the ga.s evolve*! from cither salt is possessed of the 
qualitative properties of oxygen (colourless, non-inflammable, excellent 
supporter of combustion), ami that the rcsiilual solids give all the quali¬ 
tative tests for chloride and for potassium; but this leaves open the i>ossi- 
bility of the gas being a mixture of oxygen with some other colourless gas, 
elementary or comx>lcx, and of the solid being a mixture containing po¬ 
tassium chloride as a constituent. Hence without quantitative work there 
can be no certainty that the products of decomposition are in both cases 
the same, viz. oxygen and potassium chloride only. This quantitative work 
may take tlie form of the determination of the density of the gas evolved 
or of the silver nitrate reaction ratio of the solid residue which must 
contain no undecomposed chlorate or perchlorate. 

(i) Determination of the silver nitrate reaction ratio for the solid resid»ic. 
The work is in principle and in experimental procedure identical with 
that done wlien we demon.strated the identity of ammonium ehhuade with 
the sublimate obtained from it (uute, Chapter I, p. (»7), and agaiti, when wc 
showed the identity of variously prepare*! specimens of potassium chloride 
{ante. Chapter VI, p. 239). 

Record of results. 

Specimen of note-book entry. 

Determination ot the volume of a certain silver nitrate 
solution required for the complete precipitation of 1 gram of 
the solid residue obtained from: 


Potass. 

perchlorate 

■454 gni. 



4 

Potass. 

1 . 

Potass. 

11 

Potass. 


chlorate 

perchlorate ' 

' chlorate 

Weight of sample of residue ... 

1 ’536 gm. 

*365 gm. 

•477 gm. 

Vol. of silver nitrate solution 
(not standard) required for 
complete precipitation* . 

1 

* 

1 1 

1 j 

' 9*35 c.c. ! 

% 

1 

6*3.5 c.c. 

9-95 c.c. 

.•. Volume of silver nitrate solu¬ 
tion required for the pre¬ 
cipitation of 1 gram of solid 
residue . ' 

* 

1 

* 

17'4.5 c.c. 

17-40 c.c. 

20-35 c.c. 


9’50 c.c. 


20-92 c.c. 


* Different silver nitrate solutions were used in Experiments I and II 
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(ii) Determination of the density of the gas evolved. The principle of 
the method consists in finding the volume occupied by the gas, the weight 
of which is given by the loss in weight of the previously carefully dried 
chlorate (or perchlorate) from which it has been produced {ante. Chapter 
IV, p. 191). 

If the two density measurements are done in quick succession, tempera¬ 
ture and pressure may be assumed to have remained the same, and the 
comparison of the two densities, which is om* real object, can be made 

without multiplying both values by the same factor ; but 

the advantjige of making tliis calculation is that it gives us values which 
wc can compare with the standard ones for the difierent gases known, and 
by which we can identify our gases and be able to show, not only that both 
gases are the same, but also that both are oxygen. 


Record of results. 


Specimen of note-book entry. 


Doterinincation of the density of the gas obtained by heating. 


Wt. of tube-t-asbestos plugs + suspending 


wire + salt 

(i) before evolution of gas.=a 

(ii) after evolution of gas .s=6 

Weight of gas W =a - b 

Reading of the gas burette in which the 
gas is collected over water or over 
mercury 

(i) before the reaction .=<; 

(ii) after the reaction. =(I 

Volume of gas T' =d~c 

Temperature.= 2* 

Barometer.=R 

Teusiou of aqueous vapour at tempera¬ 
ture .=« 


Pressure . =B - t 

Density = wt. of 1 litre of the gas calcu¬ 
lated to 0'^ and 760 mm. 

M'x1000 

“ 273 B~( 

^ ^273-fT ^ 760 


Potassium Potassium 

chlorate perchlorate 


24-3425 gms. 24-3518 gms. 
24-2610 ,, 24-2445 

0-0815 „ ! 0-1073 






2-2 c.c. 
61-2 
59-0 


if 


3-4 c.c 
80-4 
77-0 


1 * 
tf 


14.°C. 

I 769 mm 


, 14° C. 

I 769 mm 


= 0, gas having been col 
Iccted over mercury 
769 mm. I 769 mm. 


1-435 finiR. 

per litre 


*] *448 gms, 
per litre 
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2. Simple numerical relation between 


A, 


A. 


100-A 


100-^!,’ 100-ylo’ 

, the ratios of the same constituents A and B 


present in the different compounds C,, C.,, Cg. 


Experiments XXXVI—XXXIX had for object the de¬ 
monstration of tlie class-characteristics of compounds whose 
qualitative aud quantitative composition is represented by 

5 ^ $ "i- where ^li, A^, As represent different quantities 

tSi -O 3 

of the same constituent A^ and B^, /?., B-. different quantities 
of the same constituent B. By the simple device of expressing 
the composition of C,, C.>, C 3 in tlie usual way as percentages, 

e.g. . , but with A^^ As all referred to tlie same 

weight of By a simple numerical relationship becomes apparent 


A, 


A. 


•^1 . A-2 

Ux ' B.~ 100-A, ■ 100 - A. 


= m : n 


wlien it is found that the ratio : « closely approximates to 
that of simple whole numbers. Thus in the case of the two 
oxides of carbon, dealt with in Experiment XXXVI, the 
composition by weight has been found to be : 


I’ercenta^'c 

Oxyuen = 
Carbon = 11 = 100 


A 


Carbon monoxide 

oT-'i = Ax 

42 H = //, = 100- 

.r. 


Carbon dioxide 

72-7 = A., 

27-;i = /;,= 100 


>H : n = 


HJ0 - .1, ■ lUO - As 

.j7-j 7'>-7 

= = ■■ '" ““I ‘ 1 

= 1:2 very nearly. 

Therefore in carbon dioxide gas for the sa7n(‘ amount of carbon 
tliere is twice as much oxygen as in carbon monoxide, Tliis 
fundamental stoichioinetrical relationship, which is known 
as the “ law of multiple ratios ” can be formulated thus : 
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If two substances A. and B unite in more than one ratio, 
the various masses of A which combine with a fixed mass of 
B bear a simple ratio to each other.” 

How has this law been discovered and established ? 


II. Historical. 

1. John Dalton (1766—1844), by whose name the law is 
known, made his first statement on the subject in 1802, but 
it was not until 1807 that the discovei*y reached a wider 
public through the account given of it by the Glasgow Pro¬ 
fessor Thomas Tliomson in his System of Chemistry. The 
very important part played by this law in the foundation of 
the Atomic Theory accounts for the great interest taken in 
the actual mode of its discovery. Painstaking historical 
research has shown that Dalton did not arrive at the law 
inductively by a generalisation from a number of data col¬ 
lected in the course of analytical work, but that it rei>resented 
a deductive inference from theoretical speculations concerning 
the ultimate constitution of matter; these speculations he 
proceeded to test by^ an investigation of all the pertinent 
facts he could find, using for the purpose data already avail- 
.able and supplying new ones of his own. The substances the 
composition of which gave data showing the newly discovered 
relationship were : 

(i) The two oxides of carbon—analyses by Lavoisier and 
other French chemists. 

(ii) The two oxides of nitrogen, now named nitrous oxide 
(laughing gas, see ante^ Chapter III, p. 120) and nitric oxide 
{ante, Chapter III, p. 140)—analyses by Sir Humphry Davy. 

(iii) Tlie two hydrides of carbon, then named ^ marsh 
gas ’ or ‘ light carburetted hydrogen ’ and ‘ olefiant gas ’ or 
‘ heavy carburetted hydrogen ’ (our methane and ethylene). 
These two substances were investigated by Dalton himself, 
who found that when decomposed by sparking, each yields 
a volume of hydrogen practically twice that of the original 
gas ; and that when exploded with excess of oxygen, carbon 
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dioxide gas is obtained, the volume of which, when compared 
with that of the gas from which it is derived, is as 1/1 in the 
case of the marsh gas, 2/1 in the case of the olefiant gas^ 

2. AV. H. Wollaston (1766—1828) published in 1808 results 
obtained prior to his cognisance of Dalton’s discovery. His 
experiments were done with the alkali salts of the polybasic 
acids carbonic, sulphuric and oxalic, and were specially note¬ 
worthy for the ingenious and simple methods by which he 
showed that the quantities of acid combined with a certain 
amount of base in the so-called ‘acid- salt’ is just twice or 
four times that combined with the same amount of base in 
the so-called ‘normal salt.’ In Section IV of this chapter 
Experiments XLI and XLII are illustrative of AVollaston’s 
classical work on the carbonates and the oxalates. In the 
case of the sulphates he synthesised the two potassium salts 
from potassium carbonate and sulphuric acid ; he first made 
the acid salt by treating a known weight of carbonate with 
excess of sulphuric acid and heating to a temperature at 
which the free acid volatilises ; he then showed that in order 
to change this acid salt to the normal—in this case neutral— 
salt, he had to add an amount of potassium carbonate equal 
to that originally used in the preparation of the acid salt. 
Note that as regards the sulphuric acid all that needed to be 
known and was known was, that the two salts contained the 
same though unknown amount of acid. 

3. J. J. Berzelius (1779—1848) in a series of pai)ers piib- 
lishe<l between 1811 and 1812'^ gave to the world the results 

1 The actual numbers obtained were : 

Hydrojjen Carbon diozide 
100 volumes marsh gas yield 200 vols. 100 to 105 vols. 

(almost exactly) 

100 volumes olcOant gas yield 19-5 vols. 185 to 190 vols. 

* This term is used to designate that one of tlie two salts which contains the 
relatively greater amount of acid, irrespective of whether it has an acid reaction 
or not: thus, whilst the acid sulphate or acid oxalate of potassium turn blue 
litmus red, the acid carbonate does the opposite, i.e. exhibits an alkaline 
reaction. 

^ F.gnatj to ascertain the. Fixed and Simple Ratios in tchich the Comtituents of 
InoTfianic Nature are combined, reprinted in KUissikcr der F.xakten Wisaen- 
echa/ten. No. 35. 
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of stoichiometrica] ^Yovk which greatly surpassed iu accuracy 
that of auy of his predecessors or contemporaries, and by 
wliich he may be said to have established^ the Law of Mul¬ 
tiple Ratios. Many years later, Berzelius himself clearly 
characterised the relative share and merit of Dalton and him¬ 
self in this matter : 

It scorns as if in this investigfation the illustrious scientist liacl not at 
the outset been jn’ovided u'itlj a sufficiently firm experiinoiital basis. To 
me it lias seemed us if tlic small number of analyses given showed the 
desire of the c.xperimentcr for certain results ^; but this is the very 
attitude we sliould avoid when seeking proofs for or against a preconceived 
theory. Notwithstanding all this, it is to Dalton that belongs the honour 
of the discovery of that part of the doctrine of chemical combination 
termed the laic oj' nmUiple ratios^ which none of his predecessors had 
observed. 

Berzelius’ accurate analyses covered a wide field, com¬ 
prising as tliey did the composition of (a) the two oxides of sul¬ 
phur, sulphurous and sulphuric anhydride (a/tte, Chapter III, 
p. 114); (b) the two sulphides of iron, tlie artificially jirepared 
substance obtained by fusing together iron and sulphur 
(af/te, Clmpter III, p. 113) and the mineral iron j)yrites; (c) the 
two oxides of iron ; (d) the two oxides and chlorides of 
copper (i>. 265); (e) the three oxides of lead. Moreover 
later on, when the immediate object was no longer the 
establishment of tlie fundamental stoichiometrical laws, but 
the determination of the accurate combining ratios of the 
elements and of the criteria for the fixing of the relation 
between these and the atomic weights (post, Chapter IX), 
he produced numbers which showed the existence of multiple 
ratios in the case of the two oxides of chromium, of phos¬ 
phorus and of arsenic. The following example illustrates the 
method he employed in the case of the two oxides of lead: 

(i) The syuithesis of litharge : 10 grams of lead, when 
cimnged in a variety" of ways to the yellow oxide, yielded in 

^ The fact that before lie was cognisant of Dalton’s and Wollaston’s results 
he had found that the basic chloride of lead and in the basic chloride of 
copper the acid is saturated by 4 times as much of the base as iu the neutral 
salts ” entitles him to be considered an independent discoverer of the law. 

- Explicable by the fact that Dalton had not arrived at the law inductively, 
but that he was on the look-out for experimental verification of a theoretically 
established deduction. 
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the mean 10’780 grams of litharge, which makes the per¬ 
centage of ox 3 "gen 7*24. 

(ii) Analysis of the brown oxide : 5 grams of brown oxide 
ignited left 4*545 grams litharge mixed with 0*130 grams of 
impurities (lead sulphate and silica); the loss of weight of 
0*325 gram represents the ox^’gen given off by. the brown 
oxide in passing into 4*545 grams of 3 ’ellow oxide, which, ac¬ 
cording to (i), contains 0*330 gram of oxygen and 4*215 grams 
of lead. 

Hence the quantities of oxygen combined with the same 
4*215 grams of lead in the yellow and the brown oxide of lead 
are 0*330 gram and (0*330 + 0*325) gram respectively, quan¬ 
tities which are in the ratio of 1 : 1*985, or ver^* neai'ly 1 : 2. 

III. Classification of the Law as Exact. 

iMarvelloiis as was the degree of accuracy attained by 
Berzelius considering the stage of development reached before 
him, his work does not lend itself to testing the existence or 
non-existence of small deviations from the requirements of 
the law if exact. In fact, there is no work on record the 
object of which has been the determination, under conditions 
more favourable to accuracy, of the ratio m : n for compounds 
Cl, Cawhose composition is represented by 

A. I A 2 _ A 

liB ‘ B * 

But indirectly the degree of approximation of : n to simple 
whole numbers can be found from data obtained in accurate 
work on Ci and C.> separately, undertaken for a dift'erent 
purpose and by different investigators ; and thus it is possible 
to judge of the deviations from whole numbers by the mag¬ 
nitude of the probable experimental error attaching to the 
various measurements involved. 

Thus we have a number of values for the ratio carbon to 
carbon dioxide, and carbon monoxide to carbon dioxide, 
according to the most trustworthy of these the weight of 
oxygen combined with the same weight of carbon in the two 
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oxides is in the ratio of 1 : 1*99995. {Study of Chemical 
Composition, pp. 167 et seq.) 

Another set of pertinent data has been supplied by the 
recent very accurate analyses of nitric and nitrous oxides. 

(i) Nitrous oxide ; Guye and Bogdan (1904) found as a 
total of 5 experiments : 


Wt. of nitrous oxide 
decomposed 

5'6269 gms. 


Wt. of oxygen 
withdrawn by 
heated iron 
spiral 

2*0454 gms. 


Wt. of nitrogen 
(by difference) 

3*5815 gms. 


Wt. of nitrogen 
combined with 
1*0000 gram 
of oxygen 

1*7510 


(ii) Nitric oxide : Gray (1905) found as a total of 5 experi¬ 
ments {ante, Chapter V, p. 201) : 


Wt. of nitric 
oxide 

decomposed 

2*93057 


“Wt. of oxygen 
removed by 
finely divided 
nickel 


Wt. of nitrogen 
(a) by differ- (b) by weighing 
ence of residual gas 


15G229 1*36828 1*36819 

Mean = 1*36824 


Wt. of nitrogen 
combined with 
1*00000 gram 
of oxygen 
0*87579 


. *. ratio of weights of nitrogen combined with 
the same weight of oxygen in nitrous and 
nitric oxide respectively 


^ = 1*7510 : *87579 = 1*99 93 : 1 . 


The deviation from the whole number 2 is 
perimental error of the two re8eai*ches involved. 


2QQ0^ . and well within the ex- 


IV. Students’ Illustrative experiments. 

The special feature of those about to be described is that 
they are either simple adaptations of classical experiments, 
or that they incidentally supply data of fundamental import¬ 
ance in the establishment of combining weight values directly 
referred to the standard oxygen {jyost, Chapter IX, p. 315). 

1. 1*he composition of the two carbonates of potas¬ 
sium (or sodium). Experiment illustrative of Wollaston’s 
classical experiment (Alembic Club Reprints, No. 2 ; Study 
of Chemical Composition, p. 160). The qualitative relations 
between these two salts have been dealt with earlier in this 
chapter (i>. 261). 

Hxperimezit XL. Determination of the ratio between the quantities 
of carbon dioxide (measured as volumes) combined with the same (though 
unknown) .weight of potash in the two carbonates. 
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It is assumed as proved that when the carbonate wliich contiiins the 
relatively gi-eatcr amount of carbon dioxide (and which is also the less 
soluble of the two) is heated, it loses part of the carbon dioxide, but retains 
all the base (potash or soda) originally present in it, and that the other 
carbonate is formed which contains the same amount of bsuse—whatever 
that amount may have been—jis the original salt. Let that unkm)^vi» 

weight of potash contained in a grams of the higher—so-called acid_ 

carbonate be X, and let it be found that by suitable treatment it yields 
a volume of carbon dioxide which at the temperature and i)ressurc of 
the experiment occupies c c.c. Then if we heat ma grams of the higher 
carbonate, carbon dioxide (and water) will be given up and Y gi-ams of 
the lower carbonate will be left. With the actual values of Y we are not 
concerned, but on the above supx>ositions we know it to contain inX of 
potash, and we can, by treating it as we did the parent salt, find the 
carbon dioxide left; let this volume be c' c.c. 'I'heii if the tempera¬ 
ture and pressure in the two volume measurements had been the same, 

X ■ T^X ~e' ratio between the amounts of carbon dioxide com¬ 

bined in the two salts with the same weiglit X of 2 >otash which is what 
we require. 

In practice it is convenient to make m cijual to ‘2, because experience 
1 ms shown that then v aiul r' become practically cupnil, and the value of the 
ratio will not be altered in spite of the fact that owing to the .solubility of 
the carbon dioxide in the solution from which under the conditions of 
the experiment it is liberated, the apparejd values of r and c' are smaller 
than the true values. For if we arrange so as to have about the same 
volume of solution in each csise, </, the vohnne of gas rebdncil, will 

be about the same alst>, and the true ratio would be — 7 —in which. 

+ (f 

since <! is comparatively small, if r is practically equal to // we may 
neglect tj. 

For the success of the experiment it is essential that the acid carbonate 

U 8 e<l shouhl be quite free from normal carbonate, for the latter being un- 

cliangcd by heat, would yield the same volume tff gas before and after the 

ignition ; on the other hand, the presence of other impui'ities does not 

matter, provided only that they are evenly <listributed through the sample 

used. Hence : (i) it is necessary t<» reciwstallise the aeiil salt, and to do s<» 

just before perferrming the experiment, because the s;dt does not keci) well, 

a slow change to the normal salt occurring spontaneously on the air-exposed 

surfaces; (ii) it is not necessary t«) i.lry tire recrystalli.seil salt completely, 

piovi<led uniformity is ensured by grimling or any other form of thonuigh 
mixing. 

Fig. 59, p. 274, gives a simple apparatus suitable for the quick per- 
fiu-mance of the experiment by groups of students. The carbem ilioxiiie 
IS libcrateil by dilute hyilrochloric aeid, ami is measured by the volume of 
water it expels from an luspirabrr. Since carbim <lioxide is fairly esusily 
soluble in water (at 15' and TUOmtn. 1 litre <*r water dissolves ron2 litres 
F. C. 
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of the gas), it is essciitial that the water in the aspirator should be saturated 
with the gras^ 



G’ Q 

Fig. 59. 


A. Erlenmeyer flask of about 150 c.c. capacity, into which the carbonates are 
put, together with an amount of water (about lOc.c.) which«hould be the 
same in both cases. 

6. Small tube of 8 to 10 c.c. capacity for holding the concentrated hydrochloric 
acid, carried by a copper wire attached to a glass rod, which is greased so 
as to fit well but slide easily in the rubber cork C. 

D. Aspirator filled with water saturated with carbon dioside and coloured by 
methyl orange. 

E. Delivery tube which can be tilted so as to make the pressure of the gas in 
D e<iual to that of the atmosphere (ante, p. 89, fig. 90, 

F. Graduated cylinder to measure the water expelled, holding 250 c.c. and 
graduated to 2 c.c. 

G', G", G'". Three equal lots of about 1 gram each of the freshly recrystallised 
acid carbonate on black glazed paper. 

H. Small crucible with lid, for the careful heating of the 2a grams of the acid 
salt. 

> Considering the great effect on gaseous solubility of change of temperature 
and 2 >reBsure, the use of this form of apparatus might seem to be open to the 
objection that the large volume of carbon dioxide solution in the aspirator may, 
owing to its having been supersaturated to start with or owing to a rise in tem¬ 
perature, itself evolve a volume of gas sufficiently large to vitiate the measure¬ 
ments made; this is certainly true theoretically, but in practice the parts of the 
OKperiment involving the volume measurements are performed so quickly that 
there is not enough time for an appreciable change to occur in the equilibrium 
condition of the solution. ‘Appreciable change’ means a change greater than 
what is covered by the other experimental errors involved. 
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Procedure. 

(i) Recrystallise some of the acid salt, following the directions given in 
the footnote on p. 262; place on a porous plate to dry, and mix well. 
For the reason already given, the recrystallisation must be done quite 
shortly before the performance of the experiment; in any case, whatever 
the salt used, the absence of any appreciable amount of the normal carbo¬ 
nate should be ascertained by the mercuric chloride test^ 

(ii) Prepare the saturated solution for D by filling it with water, adding 
a few drops of methyl orange, then a small handful of common washing 
s{»da and finally hydrochloric or sulphuric acid in excess, t.e. until the 
colour of the liquid is deep pink. The presence of undecomposed normal 
carbonate in the solution would be fatal, because owing to the tendency of 
this salt to pass into the acid carbonate, its power of absorbing carbon 
dioxide is considerably greater than that of water. 

(iii) Weigh out three equal lots of about 1 gram each of the recrystal- 
liscd salt. A quick way of doing this consists in preparing two pieces of 
black glazed paper which exactly counterpoise one another, placing one 
together with a 1 gram weight on the right balance pan, and shovelling 
salt on to the paper in the other balance pan until equilibrium is established. 
Considci-ing the probable error of the volume measurement—at least 1/250— 
an accuracy of 2 to 3 mgs. is all that is required. When one lot of salt has 
been weighed, it is transfened with the help of a camel-hair brush to 
another piece of glazed paper (size and weight immaterial), a second lot 
is weiglied, and so on. 

(iv) U^nitc two lots of the salt and set then» to heat in the covered 
crucible, taking all po.ssiblc precautions against loss by spurting, e.y. raising 
the temperature very gi*ailually. Ten minutes’ heating over a liunsen 
burner—which should at fii'st be vised with a rose—will complete the 
reaction, but a pronf of this having been accomplished would involve 
weighing the crucible with its contents after it lunl been left to cool in a 
desiccator; heating, cooling and weighing a second time, and repeating 
these processes until the weight had become con.stunt. 

(v) Introduce the a grams of the .salt into the flask A ; add a roughly 
mcjisured volume of water (say 10 c.c.), carefully washing down any 
particles of solid clinging to the side of the flask : (ill Ii with concentrated 
acid, taking the usual precautions against .spilling any; connect the apparatus 
us shown in the figure, being very careful to push all the corks well in ; 
adjust E until its open end is at e.xactly the level of the coloured water 
in Z>; pvtsh down /?, spilling the acid into the carbonate solution, and 
collect the water expelled from 1) in F \ tilt E ,\X, the end so as to equalise 
the levels again. As the gas comes off in A with a great rush, there is 

1 Mercuric chloride gives with bicarbonate a pale yellow, with carbonate an 
orange red precipitate. 


18—2 
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some danger of the corks in A and in D being forced out, and tiie water 
spurting out from E with such force as to be projected over the opening 
of F\ to prevent any of these calamities the use of two pail’s of hands is 
desirable. ^Hien the evolution of gas has apparently ceased, shaking A 
will probably disengage a little more ; continue to collect water in F until 
further shaking of A produces pi*actically no more effect. Measm*e v, the 
volume of water expelled, remembering the probable error of this measure¬ 
ment (see p. 38). Pour back into the aspirator the water collected in 
F] wash out A^ being specially careful to remove all acid. Repeat the 
same process with the product obtained in (iv) by the heating <if 2a gi'ams 
of the acid salt, and measure v'. 


Record of results. 

Summary of results obtained by classes of 8 and 

of 12 students working in pairs. 

Wollaston’s Experiment on the two carbonates of potash. 


Volume of carbon dioxide, measured at 
the temperature and pressure of the room 
(supposed to have remained the same during 
the time of the experiment) evolved from: 


(1) a grams of the 
less soluble salt 

(<T = about 1 gram) 


(2) 2a grams of the 
less soluble salt 
changed by heat¬ 
ing and conse¬ 
quent loss of car¬ 
bon dioxide into 
the more soluble 
salt 


Ratioof volumes, 
and hence of 
weights, of the 
carbon dioxide 
combined with 
the same a- 
mount of pot¬ 
ash in the two 
salts 


perimenters 

Pair A 

s: V 

217 c.c. 

B 

218 ,. 

c 1 

220 .. 

l> 

216 

A' 

220 

B' 

228 „ 

C' 

218 

D' 

216 

E' 

230 ,, 

F' 

253 


= y' 

V 

21G c.c. 

201 : 1 

218 „ 

2-00 : 1 

222 

198 : 1 

216 „ 

2 00 : 1 

212 „ 

(2-07) : 1 

224 ,. 

2 04 : 1 

218 

200: 1 

218 „ 

1*98 : 1 

230 

2 00 : 1 

256 „ 

1-98: 1 


Means 2*00 : 1 
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2. 7he composition of the three oxalates of po* 
tassium. Experiment illustrative of Wollaston's classical ex¬ 
periment (Alembic Club Reprints, No. 2 ; Study of Chemical 
Composition^ p. 161). 

Szperiment XLI. Deterinination of tlie mtio between tlic quantities 
of potasli combined w’ith the same (though unknown) amount of oxalic acid 
in the three oxalates. 

Of these salts, the one containing the smallest amount of the acid is 
neutral to litmus, whilst the other two have an acid reaction ; when ignited, 
any one of those salts is changed into i)otassium carbonate, which contains 
all the base originally present in the oxalate* from which it was derived ; 
addition of more base to either of the acid salts changes it to the neutral 
salt. It is therefore possible to change a known amount of cither of the 
acid salts into the neutral salt by the addition of potassium carbonate, 
which latter can be obtaine<l by ignition of a known amount of one of the 
acid salts. 


Procedure and calculation. 

L'se either of the twt) acid salts sold under the names of bino.V{ilute or 
salts of sorrel, and of quadroxalate or acid oxalate respectively. Weigh 
out 2 quantities a and h of the finely gi-oiiiid salt ; di.ssolve the one lot in 
water, making the solutioji up to mc.c. (about 8 grams of salt in 250 c.c. are 
suitable amounts); change the other lot, viz. the b grams, into carbonate by 
ignition in a covereil crucible-, the temperature of the foot-blowpipe flame 
or that i)roibiced by two large Bunsen burners being required to ensure the 
completion of the reaction, and the use of a nickel crucible being conducive 
to the saving of time ; dissolve the carbonate, separating it by filtration 
from the .simultaneously formed carbon, and carefully wash the crucible and 
filter paper containing carbon, adding the washings to the bulk of the 
filtrate ami making up to a known volume n ; find tlie vtilumcs r' and v of 
the two solutions—acid oxalate and carbonate—which must interact to pro¬ 
duce neutrality. Neither methyl orange (which cannot be u.sed fiir ‘weak^’ 
acid.s, e.fj. oxalic) nor plienol phthalein (which iloes not act with carbonate) 
being available, litmus must be used sis an imlicator, which involves tlie 
nece.ssity of having the carbonate in the dish and the acid oxalate in the 
burette, and of boiling away the carbon dioxide as bust as it is liberated! 


* Students arc recommen led to think out and describe iu writing some 
simple experiment by which they would demonstrate the validity of this state- 
mont. 

- Guard against spurting, which is very apt to occur at the beginning when 
the ciystal.s ‘decrepitate.’ 

* See J. Walker, Introduction to Physical Chemistry, for an explanation of 
this based on the Ionic Theory. 

^ Clowes and Coleman, Quantitative Analysis, 10th od., 1914, p. 154. 
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(i) Solution of the acid oxalate. 

Wt. of salt taken = a grams ; volume of solution . 

Let the weight of potash in a grams of the acid oxalate be 

wt. of potiish in 1 c.c. of the acid oxalate solution ... 


C.C. 

X grams 


X 

m 




(ii) Solution of the carbonate. 

Wt. of the acid oxalate used in the production of the carhonate = 2> gi-ams 
Volume of the solution .=« c.c. 

and •.• wt. of potash in h gi*ams of the acid oxalate, and hence 
also in the unknown weight of carbonate obtained by 

the ignition of that amount of acid oxalate .= — gi’ains 

Avt. of pota.sh in 1 c.c. of the carbtmatc solution . = — ,, 

an 


(iii) Determination of neutralisation equivalent. 


Ncuti*al oxalate is produced by adding to i/c.c. of acid oxalate, containing 

c* X thX 

grams of potash, n c.c. of carbonate containing - -- grains of potash. 


7n 


an 


But since the weight of oxalic acid in the acid oxalate taken is the same 
as that conhiined in the neutral oxalate produced from it by addition of 
potassium carbonate, 



the Aveight of oxalic acid Avhich 

in tlic acid oxalate is combined witli 

in the neutral salt is combined Avith.. 


m 


+ 


P'X 

m 

vhX 

an 


of potash, 






.•. the ratio of the quantities of potash combined with the same amount 
of acid in the tAA'o salts is 



and if, as is most simple in Avorkiug, avc make « = &, Le. take two exactly 
equal Avcights of tlie said oxalate, and if avc make m = i,e. make the tAvo 

solutions up to the same volume, and if aa*c put for —, (i.e. the A'olume of 

^ V 

carbonate required to neutralise I c.c. of acid oxalate) p, the required ratio 
becomes 


1 :(!+;?). 










The Law of Multiple Ratios 


279 


Record of results. 


A. Specimen of note-book entry. 

Determination of the ratio between the quantities of 
potash combined with the same amount of acid in the acid 
oxalate (binoxalate). 


Wt. of salt taken for acid oxalate 
solution* .=sa 

Wt. of salt taken for ignition to 
carbonates. =b 

Yolume of acid oxalate solution =m 
,, ,, carbonate „ =n 

Yoluina of carbonate solution 
taken for titration . 

Volume of acid oxalate solution 
required for neutralising v c.c. 
of carbonate (i) 

= «' ■ (ii) 

(iii) 

Mean 

Volume of carbonate required for 
neutralising 1 c.c. of acid oxa¬ 


late 



Ratio between quantities of 
potash combined in the 
acid and in the neutral 
oxalate with the same 


amount of acid.= 1 : 1 +/j 


In a corresponding experiment with 
the quadroxalate, the ratios found 
were . . 


I 

11 

III 

8 grams 

6 grams 

8 grams 

8 grams 
250 c.c. 

250 „ 

8 grams 
250 c.c. 

250 „ 

8 grams 
250 c.c. 
250 „ 

25 „ 

25 ,, 

I 

25 ,, 

25*05 c.c. 
25*15 ,, 
25*10 ,, 

25 10 „ 

1 

24*80 c.c. 
24*80 ,, 
24*95 „ 
24-85 „ 

25*00 c.c. 
24*95 ,, 
24*95 „ 
24*95 „ 

*996 c.c. 

1*006 c.c. 

1*002 c.c. 

1 : 1 996 

1 : 2*006 

1 ; 2 -002 

1 : 4-05 

1 : 3*98 

1 : 4*03 


‘ The quantities used in the experiment quoted will be found convenient; 
the actual values given to a and h, and m and n may of course vary, so long as 
a is ma<le equal to b and m to n. 
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3. The two chlorides of copper. Experiment illus¬ 
trative of Berzelius' classical experiment {Klassiker der 
Exakten Wissenschaften, No. 35, pp. 27 et seg.). The quali¬ 
tative relations between these two salts have been dealt with 
earlier in this chapter (Experiment XXXV, p. 254). 

IiZperiment XLII, Determination of the mtio between the weights 
of copper combinc<l with the same amount of chlorine in the two 
clilorides. 

Out of contact with air, copper is not acted upon by concentrated 
hydi ocliloric acid ; a solution of the green chloride in concenti'ated hydro¬ 
chloric acid, when digested uith copper out of contact with air, is changed 
into the white chloride by taking up more copper. The utilisation of tlicse 
facts constitutes the principle of Berzelius’ e.vperimcnt. A certain unknown 
amount of the green chloride, which has been made from a known weight 
of copper—or from a known >veight of copper oxide, whose composition is 
assumed as an antecedent datum—is digested out of contact with air with 
a weighed strip of copper until the solution has become quite colourless, 
when the coiiper strip is withdrawn and weighed ; the loss in weight of the 
copper .strii) gives the weight of copper that had to be added to that already 
present in the green salt to change it to the white salt. 


Procedure. 


(i) Change of a known weight a gi'ams of pure metallic copper, first to 
the black oxide and then to the corresponding green chloride. The metal 
is dissolved in nitric acid (which should not be too concentrated). The solu¬ 
tion is next evaporated, and then ignited, when the nitrate decomposes 
easily, yielding the black oxide (afite, Chapter III, p. 129). In all these 



processes gi-eat care must be taken to prevent me¬ 
chanical loss, and all the iwecautions recommended in 
the analogous ease of silver (ante. Chapter II, p. 99) 
should be observed. The insertion into the neck of 
the flask of a bulb of the kind used in Jimmonia dis¬ 
tillations (Clowes and Coleman, 10th cd. 1914, p. 101 ; 
see fig. 00) proves very useful, as the spray carried 
oft' bj- the escaping gases and vapours is in great part 
retained in the bulb, where it can be clianged by heat 
to the oxide, dis.solved in concentrated hydrochloric 
acid and added to the contents of the flask ; the 
colour of the solution makes it Ciisy to see how far 
the precautions taken against meclianical loss have 
been effective. The black oxide is then dissolved by 
the addition of concenti*ated hydrochloric acid, whereby 
we obtain a certain (unknown) weight of the green 
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cliloride soluble in both water and hydrochloric acid, which from its mode 
of preparation we know to contiiin a gi’ains of copper*. 

(ii) Change of the green chloride containing a gi*ains of copper into the 
white chloride, by digestion out of contact with air with a weighed strip of 
copper. The success of the experiment <lcpcnds on carrying out the change 
in the complete absence of air. No doubt this condition could be best 
secured by using a scaled tube, sis in the determination of halogens in 
organic compounds by Carius’ method (rerkin and Kipi)ing, Organic 
Chemistrij^ 1911, pp. 27 et seq.\ but with students not versed in the tech¬ 
nique of scaling oft’ ghiss tubes, the same object can be attained fairly well 
by using the same small round-bottomed Jena glass 
flask in which the solution and ignition were effected— 
which has the advantage of avoiding loss in trans¬ 
ference—and by closing it as shoivn in the figure. 

Concentrated hydrochloric acid is added to the solu¬ 
tion up to within a short distance from the mouth of 
the flask, and the liquid is then heated by means of a 
rose biimer; when hot, the copjjcr strip weighing b 
grsims is dropped in and the well-fitting rubber cork 
with its ghiss tube and open rubber tube pre.sscd in 
tight, after which the screw clip i.s clo.sed, the ghiss rod 
slipped in and the cork wired in securely. The copper 
should be used in the form of thick foil, as even so 
there is a good deal of crumbling of the edge.s during 
solution, and consequent ilifliculty in the next stage, 
the collection for weighing of all the residual copper. 

The fljvsk is heated by a very .small flame^ at a con¬ 
siderable distance, until tlm solution, which at first was 
opaque and almost black, has become practically 
colourless, which may take ;us long as two or three 
days. Note that the sequence of openitions is arranged 
so Jis to close up the flask when the li<]uid contained in 
it hits been brought to a temperature such a.s to make 
the volume at least as great as it is likely to be in the 
course of the sub.sequent digestion. 

* It being essential that all the nitrate .should have been destroyed before 
the next sta^e—the nitric acid liberated by the hydrochloric acid would dissolve 
some of the copper—it might seem as if at this point we ou^ht to evaporate 
once or twice to dryness with hydrochloric acid. But the additional expenditure 
of time would not really be justified, considering how easily the nitrate decom¬ 
poses, and how much may be done in the way of removing nitrou.s fumes by a 
continuous removal of the gas in the flask (by suction from water pump), and 
how greatly we should be adding to the danger of mechanical loss by increasing 
the number of evaporations. 

A convenient way of obtaining the right amount of heat is to use the 

luminous flame of an ordinary Bunsen burner from which the air tube has been 
removed (see fig. 61), 
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(iii) Determination of the loss of weight of the copper strip. Remove 
tlio residual copper from the hydrochloric acid solution of the white 
chloride; wash it with water, and finally, to ensure quick drying—so as to 
minimise the danger of surface oxidation—with a mixture of alcohol and 
ether; determine its weight c. Remember the tendency of the white 
chloride, when in contact with air and hydrochloric acid, to rc-forin the 
green chloride, and hence the necessity of performing quickly the process 
of removal and washing, lest the change 

white chloride + hydrochloric acid+o.xygen = gi*een chloride 

should go on, thereby making the weight of copper dissolved no longer a 
measure of its action on the origiiial weight of green chloride. The use of 
a quickly acting siphon, made from a glass tube of fairly wide bore, greatly 
facilitates the mthdrawal from the copper of the chloride solution. 


Record of results of a demonstration Experiment. 


Weight of copper used in the production 
of the green chloride (by solution in 
nitric acid, evaporation to dryness and 
solution in hydrochloric acid) . =a 

Weight of strip of copper placed in the 
solution of the green chloride . =h 

Weight of strip of copper after the com¬ 
plete decolorisation of the green chloride = c 

Loss in wt. of strip of copper . stb - c 

Ratio of wts. of copper combined with the 
name amount of acid radicle in the two 
chlorides.s= n : (u -i- 6 - c) 



I 

4*231 gms. 

8010 ,, 

3*824 „ 
4-18G ,, 

1-989 


II 

3*059 gms. 

5-768 ,, 

2*678 ,, 
3*090 „ 

2*010 


Results obtained in other similar experiments were: 

2-060 2-040 2 018 

Standard Value : Berzelius (1811—1812) 2*0026 


4. *rhe chlorate and the perchlorate of potassium. 
Both the qualitative and the quantitative relations between 
these two salts have been dealt with in detail on previous 
occasions {ante^ Chapter 11, Experiment IX, p. 90; Chapter 
VII, Experiment XXXIX, p. 263). The following results 
were obtained in the manner described (Chapter II, p. 91) for 
the value of the ratio residual chloride to oxygen : 
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Ratio between the weights of oxygen combined with the 
same weight of potassium chloride in the chlorate 
and the perchlorate of potassium respectively'. 



1 

[ 

1 ' 

ij III 

i 


Chlorate 

Per- 1 
chlorate 

Chlorate 

Per¬ 

chlorate 

Chlorate 

Per¬ 

chlorate 

Wt. of salt 
taken ...sia 

1-1233 

11093 

5-1961 

3-9918 

4-5087 

6-6672 

Wt.of chlo¬ 
ride left = b 

■6831 

•5966 i 

3-1589 

21515 

1 

2-7379 

3-5860 

Wt.of oxy¬ 
gen . — a-b 

•4402 

1 

•5127 1 

20372 

1-8403 

1-7708 

3-0812 

Batio between the 
wts. of oxygen 
evolved from 

wts. of the two 
salts which 

yields the same 
weight of resi¬ 
dual chloride 

1 

1 

1 

1 

1 

1 

1 

t 




a'-b' a"-b'' 

•4402 

•5127 

i 




• 

-o 

•6831 * 

■5966 





1 

= 1 : 

1 

; 1-334 

1 : 

: 1-326 

1 ; 

; 1-329 

1 

1 

1 =3 

: 4-002 

= 3 ; 

1 

: 3-978 

, =3 : 

1 

1 

3-987 


' This experiment, which in its entirety comprises the determination of the 
silver nitrate equivalent of the residual chloride and of the density of the gas 
evolved (see ante, pp. 265, 266), has in the writer’s laboratory always been done 
by a few picked students only, and hence no “ class results” are available. 



CHAPTER VIII 

PERMANENT RATIOS 


1. Nature and scope of the law. 


In Chapter III we recognised as the characteristic property 
of the complex substances termed compounds the possession 
of absolutely fixed properties which stand in no definite re¬ 
lation to the properties of the components ; in Chapters V— 
VII the study of the gravimetric composition of compounds 
showed the existence of simple relations which, if C, O" 
stand for the weight of the various compounds containing the 
same two constituents, and A, A\ A'\ and B, B\ B" for the 
weights of these constituents, may be represented by ; 

A B = C \ A* + B’ ~ C' \ A" + B ' — C" (Law of Conserva- 


A A B A' A' B' A ' A ' B' , , 

—f ~ constant 


tion of Mass), 


B^O'C^ B’^C'^C'' B"'C''*C 

A A' A" _ A mA pA 
B B B‘~ B ^ ^ 1[B 

where ??#, ii,p, q are simple whole numbers. 


(Law of Fixed Ratios), 
(Law of Multiple Ratios), 


But admitting the constancy of the ratio ^ in the com¬ 


pound Cy what is the I'elation between A and B in other 
combinations into which these same components enter? 


Tlie constancy of the composition of comj)ouiKls does not prove that the 
ratio hetween the weights of the constituent elements is exactly the same 
in their combinations witli other substances. Thus the composition of the 
sulpliide and the sulphate of barium may each be constant, and yet the ratio 
between the weights of sulpliur and banum in the sulpliide ueed not be 
absolutely identical with the ratio of the same elements iu the sulphate 
(Stas). 


There is nothing a jyt'iori for or against the identity of 
the two constant ratios, but the comprehensive study of 
gravimetric composition has shown that the ratio A : B 
of the constituents in a compound C is not only fixed for 
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that compound, but regulates the relation between the 
quantities of these constituents in any combination whatever, 
including that of equivalency in the power of combination 
with the quantities N, M, P, Q of other elements. Thus, 
designating by the symbols A, B, M, N, definite experi¬ 
mentally found quantities of the four elements sulphur, 
oxygen, lead and silver, the scheme given below shows how 
the ratio A : B, which is the constant regulating tlie com¬ 
binations between sulphur and oxygen, is also the ratio 
between the quantities of sulphur and oxygen which combine 
with the same amount M of lead, or the same amount N of 
silver in the sulphides and oxides of these two metals, and 
that the ratio betAveen lead and sulphur is the same in the 
sulphide as in the sulphate. 


Lead 

M 


Sulphur 

A 


Lead Sulphide 
- A+M - 


Silver 

N 


Oxygen 

7? 


Silver Sulphide 
- N + A - 


Silver Oxide 
— N-\-B — 


Sulphurous Oxide 
- A+23 - 


Sulphuric Oxide 
- A+^B - 


Lead Sulphate 
- J+.1/+4Z#_ 


It might conduce to a more vivid appreciation of the 
quantitative relations embodied in tlie above scheme if 
students not already familiar with the appearance, properties 
and relationships of the substances involved were to do some 
qualitative experiments with them. 

Experiment XLIII. Preparation and properties i>f some simple com¬ 
pounds of sulphur, oxygen, lead and silver. 

(i) Sulphurous and sulphuric oxide: The imuduction of sulphurous 
oxide by the burning of sulphur in oxygen or in air is an expei-iment de¬ 
scribed in all text books, jus also is the preparation of the same gas by the 
action of dilute acid on sulphites, or by the reduction of sulphuric acid 
by copper or carbon (Newth, 1907 ed., p. 4Hi ; Ostwald, Principles 
of Inorganic Chemistry, 4th cd., 1914, pp. 306 et seq. ; Perkin and Lean, 
Introduction to Chemistry and Physics, Vol. ii, pp. 14, 79). The change 
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from sulphurous to sulphuric oxide by the addition of more oxygen and the 
concomitant change of properties has been made the subject of study in 
Experiment XII (p. 114). 

(ii) Lead oxide (litharge). This substance can be made from lead by 
tlie action of nitric acid, and subsequent heating of the nitrate thus 
obtained; and from red lead or bro^vn oxide of lead (by the action of 
heat). Its power to change into red lead by taking up oxygen from the 
air, has been dealt >vith already (Experiment XXIII, p. 177). 

Try the action on {a) litliarge, (J>) red lead, (c) lead peroxide, of: 
(a) acetic acid, {ff) hydrochloric acid (heating), (y) nitric acid (dilute), 
(d) sulphuretted hydrogen water. 

(iii) Lead sulphide : Found native as the mineral galena, which crystal¬ 
lises ill beautiful cubes, grey in colour and with a high metallic lustre. 
In the laboratory the sulphide is made cither by direct synthesis from lead 
and sulphur or by the action of sulphuretted hydrogen on any soluble or 
certiiin insoluble lead salts. 

(a) Mix 7 grains of finely divided lead with 1 gram of flowers of sulphur 
in a hard ghiss tube and heat. The two elements combine with evolution 
of heat and light. 

{h) To sulphuretted hydrogen water contained in a set of test-tubes 
add : solutions of lead acetate, or lead nitrate ; scraps of solid white lead 
chloride, lead oxalate, lead phosphate, basic lead carbonate (the substance 
used as a paint), lead sulphate. It is on the formation of the black lead 
sulphide that is based the usual very sensitive test for sulphuretted hydro¬ 
gen by means of load acetate (Clowes, Quatilatire Analifsis^ 8th cd., 1908, 
p. 42). 

Test the effect on freshly precipitated lead sulphide of hydrochloric 
acid, and nitric acid both dilute and concentrated. 

(iv) Lead .sul}>hatc : Produced by ; 

(a) Oxidation of the sulphide, (a) Digest a very little finely powdered 
galena with concentrated nitric acid added in successive small quantities ; 
(/3) to some prccipittited lead sulj)hide susi>ended in water add a solution of 
hydrogen peroxide. 

{h) Precipitation fniin a soluble lead salt, or decomposition of lead 
salts in.soluble in water by sulphuric acid or a soluble sulphate. Add a 
relatively large volume of dilute sulphuric acid to a small volume (about 
1 c.c.) of a dilute solution of lead acetate, add methylated spirit (see below, 
p. 287) and allow to .stan<l. 

Warm a little lead oxalate with (a) water, (/9) dilute suli)huric acid; 
filter (preferably by decantation) and test the filtrate for oxalic acid (Clowes, 
Qiialitatire Analysis, 8th cd., 1908, pp. 263 et seq.) ; do the same, using lead 
plu»sphatc and testing for phosphoric acid (Clowes, ibid., p. 226). The white 
lead sulphate is very similar to barium sulphate, but differs in being more 
soluble in water and more easily decomposed. Demonstrate (a) the insolu¬ 
bility of the lead sulphate in : hydrochloric acid dilute or concentrated ; 
nitric acid dilute or concentrated ; sulphuric acid dilute ; (p) the solubility 
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in sodium acetate; (c) the fact that by boiling for some time witii ammonium 
carbonate there occurs double decomposition into soluble ammonium 
sulphate and into lead carbonate insoluble in water but easily soluble in 
acetic or nitric acid. The turbidity produced on diluting commercial 
sulphuric acid made by the lead ehamber process (Newth, 1907, pp. 428 et 
jfeq.; Ostwald, liuV/., 4th cd., 1914, pp. 314, 315) is due to the precipitation 
of lead sulphate w'hich is soluble in concentrated but insoluble in dilute 
sulphuric acid. Lead sulphate is more soluble in water tlian is barium 
sulphate, but like all sulphates it is practically insoluble in alcohol. Add 
dilute sulphuric acid to a small volume of lead acetite solution until no 
further precipitation occurs, withdraw some of the clear liquid above the 
precipitate, add a large volume of methylated spirit and note the forma¬ 
tion of a further amount of precipitate in appearance like the first— 
what further experiments would be necessary to establish the identity 
of the two substances? When oil })aintings darken in the course of time 
and are ‘ restored ’ by the use of hydrogen peroxide, the reactions occurring 
arc as follows : Through the agency of the sulphuretted hydrogen con¬ 
tained in the air. the white basic lead carbonate which constitutes the paint 
is converted into black lead sulphide ; the hydrogen peroxide in acting on 
the black sulphide gives up oxygen, ti'ansforming the black sul])hide into 
white sulphate and is itself changed into water. 

(v) Silver oxide : A brown powder i>recipitated by the addition to a 
soluble silver salt of any alkaline hydro.xide other than ammonia. Prepare 
a specimen of the oxide by filtering a stdution of barium hydroxide into 
excess of silver nitrate (Kanisay, Exp. Proofs t>fCh(‘m. T/teorj/, 1884, p. 97); 
wash by decantation, dry on the water batli, and show tliat by gentle 
heating the substance is decoin])osed into oxygen and inetallie silver. 


(vi) Silver .sulphide : A black substance with metallic lustre, pro<luced by 
direct synthesis from the elements {a/iley Chapter V, p. 217) or by the usual 
method of double dccomi)ositiun between a silver salt and a soluble sulphide. 
To sulphuretted hydrogen water contained in a series of small test-tubes 
add: solution of silver nitrate; scraps of solitl silver plu)sphate ; silver 
chloride ; scraps of metallic silver. The tarui.shing of silver is due to the 
action of the sulphuretted hydrogen contained in the air on the metal, and 
the formation of l)lack silver sulphide in the form of a stain on a coin is 
luscd as a test for sulphur, whatever its form of combination. Test for 
•sulphur in iron pyrites, barium sulj>hate, and the organic substances 
sulphonal and veronal. In each case strongly heat on charcoal an intimate 
mixture of the substance with excess of sodium carbonate, place the fuse<i 
imvss on a silver coin and moisten with a drop of water*. 


* The reaction occurring if the sulphur compound is a sulphate is repre¬ 
sented by: 


(X"S 04 -t-Na,iC0;,= Na.jS 04 -f X''C 03 ] 

] X"0+CO..( 

(Na.jS 04 -i- 4 C =Na.jS +4CO 

Whatever the sulphur compound present, sodium sulphide is formed with or 
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Of the various names given to the constancy of the ratio 
A : B in any combination whatever, viz. ‘ law of equivalent 
ratios/ ' law of reciprocal ratios/ ‘ law of permanent ratios/ 
‘law of definite ratios,’ since the first two refer only to 
certain limited aspects of the law, one or other of the last 
two is preferable. The law may be formulated thus : 

The ratio of the masses of two substances—elementary or 
compound—which combine with one another in a binary 
compound is also the ratio (or a simple whole multiple or 
submultiple of the ratio) of the masses of these substances 
present in any more complex compound, and is also that of 
the masses equivalent as regards power of combination with 
the same amount of any third substance. (See scheme on 
p. 285.) 

It is the operation of this law which, being at the basis of 
the conception of combining weights, i.e. of constants charac¬ 
teristic for each element which constitute the combining 
units {pout, p. 314), introduces simplicity into the study and 
representation of the composition of the enormous number 
of compounds dealt with by the chemist. 

II. Historical : discovery and establishment of 

the law. 

It is with the name of J. B. Richter (1/62—1807) that the 
establishment, and above all, the deductive application of this 
most important of all the stoichiometrical laws, is associated, 
and justly so, considering the e.xtent of his contribution to 
the subject. 

1. But the introduction into the science of the term 
‘equivalent’ and the recognition of the permanency of the 
neutralisation equivalent of acids independent of the base 
neutralised, goes back to an earlier time and is due to Caven¬ 
dish. In a paper written in 1767 he says : 

without simultaneous reduction (withdrawal of oxygen) by means of the heated 
carbon. 

Na. 2 S + 2H20= 2NaOH h-HoS 
H 2 S + 2Ag ~ Ag-jS ^2 

dark stain 
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...into the other part I put sis much fixed alkali (potassium carbonate) 
as was equivalent to 46^ grains of calcareous earth, i.e. whicli would 
saturate as much acid, 

and in 1788, when he gave the record of experiments on the 
freezing of nitrous (nitric) and vitriolic (sulphuric) acids, in 
which he compared the strength of the solid freezing out with 
that of the liquid from which it separates \ he did so by the 
application of the principle of the permanency of the neutrali¬ 
sation equivalent. In the case of the nitric acid the relative 
strengths of the two portions were determined by measuring 
the quantities of marble required to saturate them ; in the 
case of vitriolic acid, though for the sake of unifoi-mity the 
strengths were expressed in terms of the same unit, the for¬ 
mation of insoluble calcium sulphate (gypsum) which coats 
the surface and Mn good measure defends the marble from 
the action of the acid’ made it impossible to use a similar 
method. The procedure consisted in finding the weight of the 
plumbum vitrlolatnm [lead sulphate] formed by the addition 
of sugar of lead to the sulphuric acid; the strength of the 
acid was calculated from this value on the supposition that a 
quantity of oil of vitriol sufficient to produce 100 parts of 
plumbum vitriolatum will dissolve .8.3 of marble. 

X of fixed alkali (potass, carbonate) 
is saturated by 

— I 

an amount of vitriolic acid 
which yields 100 of plumbum 
vitriolatum and which would 
dissulvo 

33 of marble ^- 1 

Here, then, Cavendish assumed as established that the quan¬ 
tities of fixed alkali and marble equivalent as regards the 
power of neutralising nitric acid are also the (piantities equiva¬ 
lent as regards the power of neutralising sulphuric acid. 

2. Uichter between 1792 and 1/99 sujiplied a comprehen¬ 
sive experimental basis for the relationship the existence of 

^ For the production of a sulliciently low temperature, Cavendish was re 
duced to sending his solutions to Henley House, a fort of the Hudson Bay 
Company situated about 100 miles from the month of the Albany Biver the 
person in charge decanting the liquid from the solid and bringing back to 
Cavendish two liquids, one the decanted liquid, the other the molten solid. 

F. C. 


4:— 

y of nitious acid, 
which also dissolves 
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which liad been recognised by Cavendish, and like Cavendish 
used it deductively for calculating the quantities of B and D, 
which took part in a certain reaction using as data A and G, A 
and Z>, B and C, the experimentally found values for three 
other reactions. The phenomena dealt with by him were : 

(1) The permanence of the neutralisation equivalents of 
different acids (and bases) independent of the base (or acid) 
neutralised. This is the relationship which had been recog¬ 
nised and utilised by Cavendish, and is best demonstrated by 
the students’ illustrative experiment XLIV {post^ p. 299). 
The principle is that if a certain quantity, say A, of any one 
acid, say.hydrochloric, is neutralised by m of potash, n of soda, 
2 > of ammonia etc., and if B of another acid, say sulphuric, is 
neutralised by r of potasli, s of soda, t of ammonia etc., then 

and s can be calculated from m and n and »•, or from n and^> 
and t 

and t can be calculated from n and p and s, or from in and 
and r. 

(For actual data see Study of Chemical Composition, p. 175.) 

(2) The maintenance of neutrality’ after double decomposi¬ 
tion between neutral salts, such as barium chloride and sodium 
sulphate, which yield insoluble barium sulphate and sodium 
chloride. Representing each of the four salts involved by the 
quantities of acid A and B, and of base C and D, from which 
they can be formed, the amount of barium chloride used will 
be {G -f il), and the amount of sodium sulphate containing the 
amount of sulphate radicle required for the change of C of 
baryta into insoluble sulphate will be {D + B\ the amount of 
neutral salt, barium sulphate, formed being {C-\-B)', along 
with the barium sulphate is foi nied sodium chloride, and since 
the resulting solution is neutral to indicators, there cannot be 
present excess of either hy drochloric acid or of soda, and the 
total quantities A and 1) of these originally involved must 
therefore have gone to the formation of {D A) of sodium 
chloride, and we have the equation ; 
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Barium chloride + sodium sulphate 

(^ ^ (‘> +pS”) 


barium sulphate + sodium chloride 
/baryta f"*'. \ /soda **^^^ 0 -' 


{C + A) + {D + B) 


{C + B) + (O+J) 


Hence the ratio of the quantities of the two acids which in barium chloride 
(C + J) and barium sulphate {C + B) neutralise the same amount of baryta is 
the same as the ratio of the quantities of the two acids which in sodium 
chlonde {D-tA) and sodium sulphate {D+B) neutralise the same amount of 
soda and ia equal to A : D. 


(3) Permanency of the ratio between the weights of the 
15 metals experimented with which dissolve in 1000 parts of 
sulphuric acid (or another equal weight m of hydrochloric or 
n of nitric acid) and constancy of the weight of oxygen com¬ 
bined with these weights of the different metals in their 
oxides. The first part of this statement, which asserts that 
the ratio of the weights of the different metals which dissolve 
in the same weight of acid is independent of the acid, is of 
the same nature as that dealt with under (1), only that the 
acid-neutralising substance is in this case the metal instead 
of the base, which is the metallic oxide. Moreover a connec¬ 
tion between these two, tlie metal and the base, is brought to 
light in the tact that throughout, the difference between the 
quantity of base and tlie quantity of metal equivalent in 
neutralising power is the same ; which, put into present-day 
language, amounts to saying that sinve the weights of the 
various metallic oxides which tienfralise a constant weight 
of any one add contain the same weight of oxygen, there¬ 
fore the quantities of metal equivalent as regards hydrogen 


Name 

of 

metal 


Iron 

Lead 

2inc 

Silver 

Copper 

Mercury 


1000 of sulphuric acid are 

neutralined by 
the following : 

cither of 

Wt of ^yt. of 

metal = C i^etalUc oxide 

1 

=. 1 / 

841 

1280 

3153 I 

3592 

909 ' 

134S 

3289 

3728 

1317 

1756 

5465 

5904 


•. \vt. of oxygen B = (.1/ - C) 
combined with the different 
weights of metal C which 
represent the quantities required 
for the neutralisation of the 
same weight, viz. 1000, of 
sulphuric acid 


•4S9 

43U 

439 

439 

439 

439 
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svbstitiiting j^oioer are also efjuivalent as regards oocygen bind¬ 
ing power. The table on p. 291 reproduces some of the numbers 
given by Richter in proof of the existence of this relationship^ 
It is obvious that these numbers have been rounded off to 
give them the uniformity expected ; this was a common prac¬ 
tice in those days—Dalton, Wollaston, Thomas Thomson did 
likewise {Study of Cliemical Composition^ pp. 156, 158, 165) 
—but the licence taken by Richter in this respect exceeded 
all limits, and was due to the fact that not only did he wish 
to demonstrate really existing stoicbiometrical regularities, 
but also mathematical relationships® between the equivalents 
of the individual acids and bases which experience has shown 
to have been purely imaginary. That the low value of 
Richter’s quantitative Avork, however, did not vitiate the great 
importance of his discovery w'as recognised by Berzelius: 

On reading Richter’s work on chemical I'atios, we are amazed that the 
study of this subject could ever have been neglected. 

3. Berzelius’ own contributions to the establishment of 
Richter’s law are no less important than those he made to 
Dalton’s law {ante. Chapter VII). Here again it may be 
claimed for him that he was an independent discoverer. 

I made the discovery that in all chlorides the quantities of bases 
sfiturated by tlio same amount of hydrochloric acid contained the same 
amount of oxygen. This was also found to be the case with sulphates. This 
(liscovery is really due to...J. B. Richter...who has tried to substantiate 
it by ingenious though not always sufficiently accurate e.xperiments. 

Berzelius’ own analyses, which he made ‘as accurate as pos¬ 
sible ' and the most important of which he ‘ repeated several 
times before [he] ventured to trust to them,’ brought out the 
following different partial aspects of the law : 

(1) The data obtained in the analysis of the oxides and 
sulphides gave for the ratio of the weights of sulphur and of 
oxygen combined with 100 of lead, 100 of copper, 100 of iron, 
2*02, 2*08, 1*98, numbers sufficiently near to show that the 
quantities A and B equivalent in combining power towards 
one metal are so towards all. 

^ Data taken from Muir, Histovy of Chemical Theories and Laws^ p* 276. 

Sucb as that whilst the bases form an ai'itbmetical progression* the acids 
form a geometrical progression. 
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(2) Lead sulphide treated with nitric acid under con¬ 
ditions which ensured the retention within the system of all 
the lead and sulphur originally found in the sulphide was 
changed to white insoluble lead sulphate {ante, p. 286) ; it 
was shown that in the clear liquid above the insoluble sulphate 
there was present neither lead nitrate nor sulphuric acid, 
which would have been the compounds formed under the 
action of the nitric acid from any lead or sulphur not used in 
the production of the lead sulphate*. Hence the ratio A \B 
of lead to sulphur is the same in the binary sulphide AB 

in the ternary sulphate ABC. 

(3) Tiie data obtained in the analysis of the three com¬ 
pounds, lead oxide, lead sulphide and lead sulphate, together 
with the proof of the identity of the ratio lead ; sulphur in the 
sulphide and sulphate (see above), demonstrate the existence 
of another important relation. If we consider the sulphate 
as made up of the basic oxide litharge and the acidic oxide 
sulphuric anliydride, then xi : B represents not only the ratio 
of the quantities of sulphur and oxygen equivalent as regards 
power of combining with M ot lead, but also the combining 
ratio of these two elements in the sulphuric anhydride, the 
composition of which is given by d. -f 3Z?. 

Lead Oxygen Sulphur 

MBA 
100 7-7 15-42 

Lead oxide 
- .V + /f - 

100 + 7-7 
107-7 

Lead sulphate I 

I- M\-n+A+‘6H -1 

107-7+ 38-64 
14G-34 

containing 15-42 sulphur 
Lead sulphide 

- A + .1/ ___ 

15-42 + 100 
115 42 

» Lead dissolves in nitric acid to form soluble lead nitrate; sulphur heated 
for some time with nitric acid yields sulphuric acid. 


Sulphuric anhydride 

- A +3B - 

15-42 + 3 X 7-74 
38-64 
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III. Deductive application of Richter^s law. 

In the 1811—1812 Memoir Berzelius wrote : 

It is the mei-it of Ricliter to l»ave sho^vu long ago that the composition 
of salts can be ascertained by calculatioiL 

1. We have seen in a previous part of this chapter 
(p. 289) how before Richter^s work Avas published Cavendish 
had calculated the quantity of marble saturating a definite 
amount of sulphuric acid from the following three neutrali¬ 
sation ratios : (i) potass, carbonate : nitric acid, (ii) potass, 
carbonate : sulphuric acid, (iii) marble; nitric acid. 

2. Richter tested the A^alidity of his stoichiometrical 
generalisation by the calculation of neutralisation ratios and 
the comparison of these calculated values Avith those experi¬ 
mentally found. He considered that this afforded a true 
touchstone for the correctness of the experimental results, 
saying that if the numbers experimentally found are not in 
keeping Avith those required by the application of the laAv, 
they must be rejected as erroneous. The folloAving is an 
example of the manner in Avhicli he carried out this com¬ 
parison between calculated and experimental values, the 
substance involved being silver nitrate : 

Pound experimentally. 

1000 of silver dissolved in nitric acid, evaporated 

and dried gave . 1567 of silver nitrate 

1000 of silver dissolved in acid, ppd. by alkali 

and dried gave. 1133'5 of base 

1000 of silver combine with (1567 -1133-5) of 

nitric acid* . =438*5 


Calculated. 


lOOO of soda are neutralised by 

»> II 

1000 of silver ,, ,, 

lOOO of silver ,, ,, 


1164*7 of sulphuric acid 
1636‘6 of nitric acid 
305*8 of sulphuric acid 

11 64*7 -nitric acid = 4a9’7 


which agrees well with 433*5, the experimentally found number. 


* What Richter and his contemporaries and all the chemists during the first 
decades of the nineteenth century desi^inate as acid is the acidic oxide, which we 
now term the acid anhydride, whilst our acids were called hydrated acids. Salts 
were looked upon as binary compounds of two oxides, the one a metallic oxide 
termed the base, and the other the acid. 
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3. Berzelius followed up a precise formulation of the law 
by an equally definite statement concerning its deductive 
application and the importance of such application. 

IVhen tiro substances A and B bare affiniUf for two others C and Z>, 
the ratio of the quantities C and D which saturate the same amount of A 
is the. same as that between the quantities C and D which saturate the same, 
amount of B. If for instance 100 parts of lead combine in the lowest oxide 
with 7'8 of oxygon and in the sulphide with 15 6 of sulphur, and further if, 
according to an analysis I shall nave occasi<m to quote later, l(i0 of iron 
combine in tlie lowest sulphide with 58 8 »)f sidpliur, it becomes possible to 
calculate the composition of the oxiile of iron from the simjde jn-oportion : 

l.‘)'(J : 7-B = 58-8 : 20 4, 

and in the oxide of iron 100 of in»n must be combined with 2() 4 of oxygen. 
The experiments which I am gi>ing to describe confirm this result. 

Berzelius as a matter of fact found that lUO of iron coinlune 
in the lowest oxide with 29‘(> of oxygen. 

...In this manner we can calculate the composition of all binary 
compounds....It must be cvhlcnt that when the data involved are firmly 
established, the result of such calculations must be much more reliable than 
ordinary analy.ses. With this object 1 have eudeavoureil to make the 
analy.ses about to be described as accurate as possible.. .but nevertheless 
they are not yet .sufficiently accurate to give by calculation more than 
upproximation.s. 


IV. Is the law exact ? 


Tlie above estimation of the magmitiule of the experi¬ 
mental error involved shows that Berzelius’ analyses and 
syntlieses do not lend themselves to deciding this question. 
Haifa century later Stas wrote : 


All the analy.ses and synthese.s perfi>rmcd [hitherto] are ecpially iiia<le- 
(plate for demonstrating the mathematical exactness of the law of'definite 
ratios. As a matter of fact, however great may be the skill of a chemist, 
it is impo.ssihle that he should perform an analytical or synthetical opera¬ 
tion without incurring errors in the measurements. And .so far there is 
nothing t<» prove that the dificreiices between the experimental results 
obtained in analyses and the c(HTe.sponding values calculated on the basis of 
a certain a.ssumption sliould he attributed entirely to the experimental 
errors ; there is nothing to show that a certain ])ortio!i of tlie error i.s not 
due to the inexactness of tlie law of definite ratio.s, considered as a mathe¬ 
matical law. 


When thus stated, it would seem that the difficulty in the 
way of finding an answer to our question is insurmountable. 
But it all depends on what we really are concerned to prove 
or disprove—if it i.s a case of absolute mathematical exactness, 
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we must admit that the problem is insoluble, since the com¬ 
plete elimination of all experimental error is an absolute 
impossibility. If, however, the problem is considered from 
the practical point of view, it assumes a very definite and 
manageable form ; it becomes an investigation of what is 
tile effect of a reduction of the experimental error on the 
differences between values Jhuuil and values co.lcutat'Cdy and 
if the two decrease proportionally, i.e. if with reduction of the 
value of the experimental error the two values for the com¬ 
position of a compound approximate more and more closely, 
and if such deviation as is found is covered by the magnitude 
of the experimental error we shall be justified in classing the 
law 2 >rovisionalltf as exact, and in considering that for ail 
practical purposes we may treat it as such. This being the 
logical basis for the interpretation of the facts, what are the 
facts and what is the inference to be draM'ii from them ? 

(i) The most accurate determinations of a combining 
weight ratio li : A, where .^1 is the standard, viz. 8 000 of 
oxygen (see p. 310) show that within the limits of the 
expcrimentiil error 1} is the same whether determined directly 
or indirectly, and is quite independent of the special elements 
it is combined with in the special compounds anal 3 ’scd. 
Thus, in the determination of the value silver : oxygen, Stas 
obtained : 


From the ratioii 

|)otiss. chlorjite 
j>otjiss. chlurkle 

and 

potass, cliloride 
silver 

107 943 : 16 


silver sulphate 


silver sulphide 

107-OS? ; 16 

yy 1> 

silver 

1> 

silver 


silver iodatc 


silver iodide 

107 037 : 16 

yy 

silver ioiiidc 

)) 

silver 


silver chlorate 


silver chloride 

107-941 : 16 

yy 

silver chloride 

yy 

silver 

>» yy 

silver hromate 
silver bromide 

yy 

silver bromide 
silver 

107-923 : 16 


(ii) In a research undertaken with the definite object of 
testing the accuracy of the law, Stas used an ingenious method 
for reducing the experimental error by doing without an 
anal^’sis proper, that is, without a process which practically 
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always involves transference of matter from one vessel to 
another. In the rare cases where this can be obviated the chief 
experimental error involved is that of the inevitable weighings. 
AVhat he did was to compare the values of the ratio A : B h\ 
the binary and ternary combinations AB and ABCy and to test 
for identity in the values by ascertaining whether the ternary 
substance could be brought to the state of the binary com¬ 
pound without liberation of a fraction, however .minute, of 
the common constituents ; or conversely, whether the binary 
substance could be transformed into the ternary combination 
without the exclusion of a portion of the eleineiits present in 
the binary compound from the ternary compound formed. 
The method liad been used by Berzelius in bis transformation 
of binary lead sulphide to ternary lead sulphate, nitric acid 
having been the oxidising agent employed p. 293); Stas, 

using sulphurous acid as reducing agent, changed ternary 
silver iodate (or bromate or chlorate) into binary silver iodide 
(or bromide or chloride), and tested for silver and iodine (or 
bromine or chloriiie) in the clear licpiid above the precipi¬ 
tated insoluble silver halide. But since sooner or later a 
limit is reached at which it becomes impossible to detect 
small quantities of ..-1 and B by analytical means, such as 
those employed b^^ Stas in testing for silver and halogen, 
the method, superior though it is to those criticised and 
rejected by Stas, is yet equally inadeciuatc for proving the 
mathematical exactness of the law. As to the degree of 
approximation to the requirements of the exact law that 
may be established, this depends entirely on the sensitiveness 
of the tests for A and B, and the value of a superior limit for 
possible deviations can be fixed numerically if we know the 
minimum cpiantities of ^1 and B which under the special con¬ 
ditions of the experiment can be detected, ami the amount 
of either the binary compound AB or the ternary compound 
ABC involved. In Berzelius’ experiment the question was 
considered as settled by the statement that the ordinary 
qualitative tests for lead and for sulphuric acid failed to 
reveal the presence of lead or of sulphur in the clear li<iuid 
above the precipitated lead sulphate, and nothing was said 
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about the quantities of these elements which it would have 
been possible to detect under these circumstances. On the 
other hand, Stas tells us that under the conditions of his 
experiments 1/100 of a milligram of silver or of halogen 
could be detected in the solution above the precipitated 
insoluble silver halide ; hence in one special experiment in 
which 260 grams of silver chlorate were reduced, the absence 
of any reaction for silver or for chlorine indicates that if 
either of these elements had been present in the solution. 


of the 


the amount must have been less than -- 

10,000,000 

quantity of the silver and the chlorine* present in the com¬ 


pounds AB and ABC. 

Hence the final inference is that though in the case of the 
law of permanent ratios, as in the case of all other empirical 
laws, we have not and cannot expect to have conclusive 


proof of mathematical exactness, yet we may for all practical 


purposes class the law as exact, at any rate treat it as such ; 
what we have been able to accomplish has been to fix a 
superior limit for the value of possible deviations from the 
requirements of the exact law, and the value of this is so 
small that it is greatly exceeded, not only by the probable 
experimental error of Stas’ work, but also by the much 
smaller error of recent most accurate work ; and so far as we 
can judge at j)resent, whatever the future may bring in the 
way of decrease of the experimental error, there is not much 
likelihood of its falling in analytical work to below 1 in 
10 , 000 , 000 . In any case it is not until this stage has been 
reached that possible deviations from the law of permanent 
ratios will call for consideration as a practical problem. 


> 200 grams of silver chlorate contain sonaetbing like 50 grams of chlorine 
arid 150 grams of silver; the possibility of detecting an excess of *00001 
gram of silver shows that iu the change in which 150 grams of silver partici¬ 
pated, the amount present in the binary compound cannot differ by more than 


•00001 

150 


1 

15.000,000 


of tbe original weight from that present in the ternary 


compound, which makes Stas’ estimate of 


10,000,000 

For the chlorine the value would work out to , . 

o,000,000 


well within the mark. 
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V. Students’ illustrative experiments. 

1. To show that the quantities A and B equivalent in one 
reaction are so in all reactions. 

(1) The ratio between the quantities of different acids 
required to neutralise a certain definite amount of any one 
base is permanent, i,e. independent of the nature of tlie base. 

Experiment XLIV. Comparison of tlie ratio between the weights A 
and B of sulphuric and hydrochUiric acids which neutralise equal amounts 
of different alkalis, viz.; (i) C of potash, (ii) C" of soda, (iii) C"" i)f ammonia. 

N. B. The amounts of one and the same alkali— e.f/. jiotash—with respect 
to which the neuti*alising powers of the two acids arc compared must be the 
same, but of course the amounts C" »>f soda ami V"' of ammonia need not be 
identical with C\ the amount of jiobush. 

Being provided nith solutions of potash, soda, ammoiiiii, hydrochloric 
acid and sulphuric acid of suitable strength’, which may or may not be 
known, find by means of six ftet.f of titrations (i-vi) the values for the ratios 
required. Choose a suitable indicator. The volume of alkali taken fi)r 
titration must be sufficiently great to make the volume of aci<l required for 
the neutndisation so large that the probable experimental error shall m)t 
cxcec<l ^ per cent, of the (piantity affectetl by it; the exi)erimental error, 
due to the difficulty of detecting the exact point of neutrality and to want 
of exactness in the reading of the burette, will amount at least to 'Oo c.c., 
possibly ti) I C.C., and may even be larger; taking '1 as the probable value, 
this means that the volume of acid used should not be le.ss than ‘iO c.c.- 

’ A convenient strength for the solutions is approximately twice normal; 
which means tliat they contain per litre twice tlie equivalent weight in grams 
of the solute, \\hic-h in the case of acids is the amount containing two gram- 
equivalents of replaceable byclrogeu (2 x 1-0070), and in the ease of bases is twice 
the weight which will neutralise 1 grani-Cfiuivalent of acid. 

^ Considering the important place which volumetric analj'sis takes in the 
scheme of chemistry teaching, it must be a matter of great regret that a funda- 
mcDtal and simple consideration of this kind is almost invariably neglected. 
The writer has been very much stiuck by this in looking through students’ 
note-books, where cases like the following have been met with again and again: 
In the analysis of a sample of a cru.shed and evenly mixed ore, the percentage 
of ferrous iron was found in the usual way by oxidation with standard bichromate. 
The quantities of solution taken for titration were such that the volume of the 
bichromate solution required was only about 3c.c.; considering the difliculty 
of getting the exact end point in this reaction, the experimental error was pro¬ 
bably greater than Ic.c., but taking it at that, it would exceed making 

the value for the percentage of iron, which was about 25, uncertain to 1 unit in 
the second significant figure. The red ink comment of the respons-iblo teacher 
was to the effect that the official determination having yielded a value ditferiug 
by about -6^/^ from that of the student, the experiment ought to be repeated ; 
no comment whatever was made about the modificatious required in order to 
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Obviously the required comparison of the relative weights of two acids 
equivalent in their neutralising power towards different alkalis can, pro¬ 
vided that the same solution of the two acids is used throughout, be accom¬ 
plished by simply comparing the volumes equivalent in neuti-alising power 
but calculation of the iceighl equivalency ratio presents the advantage that 
on the supposition of the accuracy of the value used for the strength of the 
solutions, i.e. weight of solute per 1 c.c. of solution, it becomes possible to 
compare the results with the standard values. 


obtain a value to which the standard of accuracy expected could legitimately 
have been applied! 

And when we turn to text books, things are no better. Even in a standard 
text book which deals with quantitative analysis in a remarkably successful 
manner, in the determination of the ammonium contained in ferrous ammonium 
sulphate the example given to illustrate the process and the method of calcula¬ 
tion exhibits the mistake here complained of in a most glaring form. The 
ammonium is determined in the usual manner by expelling the volatile base 
aniinoiiia by boiling with potash, absorbing the ammonia in a known volume 
of standard sulphuric acid (100 c.c. of normal acid), and titrating the residual 
acid in the solution made up to 200c.c. by standard-norraal-soda. It is specially 
stated that in the determination of the residual acid, two titrations should not 
differ by more than -Ic.e.; yet in the statement of the result we are told that 
21 06 c.c. of this liquid neutralise 10 c.c. of normal soda. If, as it seems justi¬ 
fiable to assume, nothing having been said to the contrary, an ordinary burette 
was used, gradiiate<( to 1/10c.c. and delivering drops of which about two corre¬ 
spond to a gradnatioti, and therefore not allowing of measurements accurate to 
more tlian l/20c.c., the critical reader may be allowed to wonder how the volume 
measurement can be given to 1/100 c.c., as seems to be indicated by the number 
21*06. As a matter of tact the probable experimental error, put at its lowest, 
w'ould amount to *05 c.c. (and this is evidently recognised when, as mentioned 
above, in the directions given for experimental procedure it is said that two 
titrations should not differ by more than *1 c.c.). But if the error in about 
21 c.c. is ’On C.C., for the total volume of 200 c.c. it will be approximately *5 c.o., 
which is equal to about 1 in 400; yet the directly correlated volume of normal 
soda required for the neutralisation of the residual acid is given as 04*969 c.c. 


( 


200xl0\ . . , 

—^*06 / ' ^ value pretendiog to au accuracy of 1 in 95,000, More¬ 


over, the error of '5c,c. in the 200 c.c. of partially neutralised acid, and that of 


about *25 c.c. in the coiTespouding 95*0 c.c- of residual normal acid, would throw 


itself completely on to the difference between the volume of original and the 
volume of residual acid, which supplies the measure for the ammonia absorbed 
and which in the special case quoted is given as 5*031 c.c., i.e. to four signi6cant 
figures, whereas in reality the second place is uncertain to 2^ units, making the 
probable error of the result 5^/^, It can of course only be due to chance that 
9*10, the experimentally found value for the percentage of ammoniura, should 
be in such close agreement with 9*18, the value calculated from the formula. 
Tile mistake committed has been: (i) using too little of the ferrous ammonium 
eulphate, so making the volume of acid neutralised too small compared with 
the experimental error involved in the titration of the residual acid; (ii) multi¬ 
plying the effect of the experimental error of the titration through using too 
small an aliquot i>art of the liquid coutaiuing the residual acid. 
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Record of results. 

A. Suggested form of note-book entry. 

Determination of the neutralisation equivalents of certain 
acids towards different alkalis. 


(i) 

(ii) 

(iii) 

(iv) 

(V) 

(Vi) 


Acid 

gms. 
of acid 
contaiued 
in 1 c.c. of 
solution 

Alkali 

i 

1 

Volume 

of 

alkali 

taken 

c.c. 

Volume 
of acid 
required 
for 

neutral¬ 
isation 
= q c.c. 

Volume 
of acid 
required 
for 

neutral- 
isatiou 
of 1 c.c. 1 
of alkali 
= 17 //) c.c. 

Batio of weights 
of hydrochloric 
and sulphuric 
acids equivalent 
in power of 
neutralisation 
towards the 
following alkalis 

Hydrochloric 

- 1 

b 

Potasli 

i 


in 

Potash = ^ 
no 

Sulphuric 

c 

9 1 



n 

Hydrochloric 

b 

Soda 



in' 

Soda-"':" 
n c 

Sulphuric 

1 

c 

9 I 



h' 

Hydrochloric 

b 

Ammonia 


1 

m" 

Ammomass — 

Sulphuric 

c 

\ 



«" 1 



B. Summary of results obtained by a class of students. 

Ratio between the weights of sulphuric and of hydro¬ 
chloric acids required for the neutralisation of the same 
quantity of 



Potash 
mb ' 

i =„. 

1 

Soda 

_ 

” tl'c 

Ammonia 
_ m"b 

Student A 

1-35 

1-36 

' 1-34 

B 

(1-29) 

1-30 

1-33 

c 

(1-37) 

1-33 

1-30 

D 

1-36 

1-33 

1-34 

E 

1-32 

1-36 

(1-4.3) 

F 

1-31 

1-32 

1*32 

„ G 

1*31 

1-35 

1-34 

» H 

1-3.5 

1-35 

1-35 

M I 

1-34 

1-33 

1-33 

SSean 

1-335 

1*337 

1*331 


standard Value 1*342 


(2) To show that the equivalency ratio between a metal 
and the hydrogen it replaces in an acid is independent of the 
nature of the acid. 

Magnesium (or zinc, aluminium, tin etc.) acts 0 !i aqueous 
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solutions of the substances named hydrochloric acid and sul- 
pliuric acid, evolving hydrogen and producing (aqueous solu¬ 
tions of) the salts magnesium chloride and magnesium sulphate 
respectively. These salts differ in composition from the parent 
acid only in that magnesium has taken the place of hydrogen; 
a portion of the constituent elements of the acid has moved 
as a whole to another compound, termed salt, and the identity 
of certain analytical reactions of the acid and the salt shows 
the independent existence of tliis same constituent group in 
solutions of the two substances. Thus solution of barium 
chloride produces M'ith either sulphuric acid or magnesium 
sulphate precipitates identical in properties and in composi¬ 
tion. This group, consisting of all the constituents of the acid 
except the hydrogen replaceable by metal, is termed the 
‘acid radicle.’ flence we have the following relations : 

Tile weight a of magnesium (or some other metal) acting 
on some (in our experiment miknown) weight of sulphuric 
acid containing an unknown weight x of the radicle and 
the weight h of liydrogen expelled in the replacement effected, 
are equivalent as regards power of combination with x of the 
radicle X of sulphuric acid. Similarly if a! of magnesium 
expels h' of hydrogen from hydrochloric acid, a and h' are 
the weights of magnesium and of hydrogen equivalent as re¬ 
gards the power of combination with the same {also unknown) 
weight y of the radicle V. 

The quickest and most accurate method of finding the ratios 
b/a and h'ja' consists in determining indirectly the weights 
h and h' of the hydrogen evolved by a and a\ the accurately 
weighed <iuantities of magnesium, by measuring v and Vy the 
volumes of hydrogen evolved, and multiplying these by d and 
d'y the densities of dry hydrogen measured under the con¬ 
ditions of the experiment, that is, at temperatures t and t and 
pressures p and p'. The use of the values d and d' involves 
a knowledge of the density of hydrogen at normal tem¬ 
perature and pressure, a quantity' which has been determined 
with great accuracy' by various experimenters, the standard 
value accepted being ’OOOOOOO gram per c.c. for all calcu¬ 
lations except those in which the accuracy of all the other 
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measurements involved has been carried to a very high de¬ 
cree ; in this latter case the following values are available : 

•000089979 Rayleigh, 1892 

'000089951 and *000089870 Morley, 1892 

*000089947 Thomson, 1895 

By the application of the gaseous laws, d and d' can be 

calculated from d^ if the temperature and pressure are known. 

Experiment XLV. Find the quantities of hydrogen expelled by 
1 gi*am of magnesium from (i) hydrochloric acid, (ii) sulpliuric acid; measure 
the volumes of hydrogen evolved. 


According to what has been said above, the ratios re¬ 
quired are 


h y h' vd , v'd' 
~ and — = — and 


a 


a 


a 


a 


/ > 


but if the volume measurements are made under the same 
conditions of temperature and pressure, d and d\ the values 
for the density of the hydrogen, will be identical, from which it 
follows that the object of our experiment can be achieved by 
simply comparing the volumes v and v' of hydrogen liberated 
by unit weight of magnesium from different acids, provided 
that these volume measurements are made under the same 
physical conditions. At least two determinations should be 
made with each of the acids, and the difference between the 
mean values for the two acids should be compared with the 
difference between the two values obtained in each series, in 
order to see how far experimental error can be made to account 

for the deviations from identity of the values - and — 

a a 

The tables on p. 307 give a scheme for tlie record of 
the results referred (i) to the volume, (ii) to the weight of 
liydrogen replaced. 

This being a very popular experiment, there is great 
variety in the apparatus used for collecting and measuring the 
hydrogen evolved. As suggested in the Introductory chapter, 
provided that the conditions are favourable, it will be advan¬ 
tageous to allowthe learners to consult different text books and 
each to choose the kind of apparatus that appeals to him most 
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Fig. 62. 


A. Gns measuring tube of capacity 200c.c., graduated to 1/1 c.c. 

(An ordinary glass tube, one eud of which has been closed by the blow¬ 
pipe, can be used, the volume of hydrogen collected being indicated by a 
rubber band, and its value subsequently determined with the help of a 
graduated cylinder or a burette.) 

B. Piece of blotting paper placed over the mouth of the tube, which has been 
nearly filled with the dilute acid, after which water is carefully poured in 
until a little overflows. 

C. Small watch>glass pressed with its convex side on to the blotting paper. 
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D. Small specimen tube for holding the weighed metal, drawn on larger scale, 
filled with water and with a little asbestos fibre in the mouth, which latter 
is to postpone the beginning of the action of the acid on the metal, thereby 
facilitating the introduction of D into A. 

E. Dish about 10 cm. across and 7 cm. high, completely filled with the dilute 
acid. 

F. Large dish to catch the overflow of acid from E. 

G. Crucible for the transference of A into the cylinder. 

H. Cylinder deep enough to aUow of the equalisation of the levels of water 
iDside and outside A. 


(Perkin and Lean, Introduction to the Stxuly of ChemisU'y^ 
1909, pp. 70 et seq. ; Fenton, Outlines of Chemistry^ pp. 55 



Fig* 63. 


et seq.). The apparatus depicted in fig. 63, which lias the 
advantage of great simplicity, can be used in all cases where 
the action occurs at ordinary temperature, as happens with 
the metals magnesium, zinc, aluminium ; when it is necessary 
to raise the temperature, e.g. in finding the volume of hydrogen 


F. C. 
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evolved fi’om hydrochloric acid by a known weight of tin, 
the apparatus depicted in fig. 63, p. 305, will be found 
suitable. 

Procedure. 

Suitable quantities of pure specimens of the metal are weighed ac¬ 
curately ; in the case of magnesium it is recommended to use the metal iu 
the form of ribbon, or better still, of wire, as this makes it possible to get 
with ease a convenient weight by roughly weighing a long piece and then 
calculating and cutting off the length required which is then weighed 
accurately. It is useful to remember that 1 c.c. of hydrogen is evolved by 
(about) 1 mg. of nmgncsium, -75 mg. of aluminium, or 27 mg. of zinc. Veiy 
dilute acid only is required in the case of magnesium (1 volume of the 
commercial hydrocliloric or sulphuric acid to about 10 volumes of water); 
zinc and aluminium require stronger acid (1 : 3). The manner of filling and 
inverting the graduated tube and of introducing the metal is shown in the 
figure. Of coin*so if tl>e tube used should be so narrow as to make it possible 
to close it with one’s thumb, or so fiat as to make possible the use of a 
grotmd glass plate, the filter paper watch-glass device will not be necessary. 
The action in the case of magnesium is very rapid, and fairly stout wire is 
on this account preferable, since if the magnesium is used in the form of 
ribbon, it is ai>t to fall quickly to pieces which rise to the top of the liquid 

_carried up by the hydrogen atUched to them—these cling to the sides of 

the tube and are left bchiiul by the receding acid ; the process must there¬ 
fore be carefully watched, and if necessary the metal washed down ^by a 
.sudden uj>ward jerk of the liquid the instant that such sticking is noticed. 
Considering this, it w ill be desirable to liave the tube loose in the clip whilst 
the reaction is going on. The transference to a deep vessel where, after 
equalisation of the levels inside and outside the volume measurement is 
made, is effected in the manner previously described (p. 164). If it is de.sired 
to state the results in weights of hydrogen evolved, it becomes of coiu-se 
necessary to read the temperature and pressure; in this case it is important 
that all the liquids, acid and water, should be at the temperature of the room 
{ante^ p. 164). 

If the application of heat is necessary in order to dissolve the metal, 
the apparatus shown in fig. 63 will be found convenient. The weighed 
piece of metd is placed in the llask, which together with the dropping 
funnel delivery tube and gi*a<luated tube is entirely filled ^vith water. 
When all air has been removed from the apparatus, concentrated acid is 
allowed to flow from the dropping funnel into the fisisk which is now heated, 
and the gas is collected in the gi-aduated tube. When the inetiil is entirely 
dissolved, water is run into the flask until all the gas has been driven into 
the graduated tube. The transference and measurement of the gas is 
conducted as described on p. 164. 
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Record of results. 

(i) Results stated in terms of volumes of hydrogen. 
Specimen record of a demonstration experiment. 

Volumes of hydrogen, measured at the same temperature 
and pressure, evolved by the same weight, viz. I’OOO gram, of 
magnesium from : 


Wt. of magnesium .. 
Vol. of hydrogen ' .. 
Vol. of hydrogen 
evolved by I'OOOgm. 
of magnesium 


Hydrochloric acid 

Sulphuric acid 

Exp. I 

Exp. II 

Exp. I 

Exp. II 

163 gm. 
160 c.c. 

-166 gm. 

163 c.c. 

•167 gm. 
165 c.c. 

'163 gm. 
160 c.c. 

982 c.c. 

982 c.c. 

988 c.c. 

982 c.c. 

Means 

982 c.c. 

Mean ss 

985 c.c. 


(ii) Results stated in terms of weights of hydrogen. 

A. Specimen of students’ note-book entry. 

Weight of hydrogen evolved by the same weight, viz. 1*000 
gram, of magnesium from : 

I Hydrochloric acid 


Wt. of magnesium used^a 
Vol. of the moist hydrogen 
evolved, measured at tem¬ 
perature of room and atmo¬ 
spheric pressure = v 
Temperature = t 
Barometric pressure 
Tension of aqueous vapour at 
temp, of room (from tables) 

= T 

Normal density of hydrogen, 
i.e. wt. of 1 c.c. at 0° and 
760 mm. (antecedent da¬ 
tum) = do = '0000900 
Density of hydrogen at temp, 
and pressure of experiment 
_do(^-T)273 , 

- 760(273-f.f) " 
Wt. of hydrogen evolved 

= o X d 

Wt. of hydrogen evolved by 
1 gram of magnesium 

_V X (I 
a 


Sulphuric acid 


Exp. I 
*165 gm. 

Exp. II 
•157 gm. 

t 

Exp. I 
•158 gm. 

Exp. n 
*163 gm. 

163 c.c. 
ll** C. 

762 mm. 

I 

155 c.c. 

11® C. 

762 mm. 

156 c.c. 
11®C. 

762 mm. 

160 c.c. 
11®C. 
762 mm. 

10 mm. 

10 mm. 

10 mm. 

10 mm. 

•0000856 
gm. per c.c. 

1 

•0000856 
gm.per c.c. 

•0000856 
gm. per c.c. 

•0000856 
gm. per c.c. 

•001395 gm. 

■001326 gm. 

•001335gm. 

•001370 gm. 

*0846 gm. 

•084-5 gm. 

•0845 gm. 

*0841 gm. 

Mean = '0848 gram. 

> 

9Cean = *084 3 gram. 


Standard Value = '0828 gram. 


20—2 
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B. Summary of results obtained by students (small section 

of class in different years) ^ 

Weight of magnesium required to evolve 1*01 grams of 
hydrogen^ from (rt) hydrochloric acid, (6) sulphuric acid: 


Year 

Hydrochloric acid series 

Sulphuric acid series 

1903 

(11-8), 12-0, 12-3, (11-2), (12-8) 

(11*7), 11-9, 12*1, (10-9) 

1904 

12-2, 12-2, 12*2, 12-2 

12 2, 12 -3, 12*4 

1905 

12-2, 12-2 

12*2, 12*2 

1906 

12-2, 12-2 

12*2, 12-2 

1907 

11-9, 11*9 

11-9, 11*9 

1909 

120, 120 

12-0. 120 

1911 

12-1, 121 

120, 121 


Mean= 12*1 

Mean= 12*1 


standard Value = IS-IS 

(3) To show that the ratio between the hydrogen sub¬ 
stituting and oxygen binding power of metals is the same for 
all metals. 

The manner of finding the hydrogen substituting power 
has been dealt with in the previous experiment, and the 
results obtained there can be directly utilised here. The 
determination of the oxygen binding power is most easily 
made by synthesising the oxide from the metal in the manner 
described for copper {antCy p. 2H0), but it must be remembered 
that the temperature required for the decomposition of the 
nitrates varies with the nature of the metal {antCy p. 129). 
IVIoreover there is a relation between the hydrogen expelling 
power of a metal and the stability of its nitrate : thus mag¬ 
nesium acts most vigorously on even dilute acids, but its 
nitrate requires a much higher temperature for decompo- 
.sition than docs the nitrate of zinc, a metal the action of 

* This experiment was never done by more than one or two members of the 
class, owing to the fact that it was used only incidentally as an illustration of 
one method of combining weight determination, various other methods being 
used by the rest of the class. 

® Obviously the point we are concerned with here, viz. the permanence of 
the equivalency factor—weight of magnesium : weight of hydrogen independent 
of the acid radicle involved, is not affected by the standard of reference we may 
use, whether we refer the weight of hydrogen to some constant weight of mag- 
jiesium, or vice versa. If, as is done above, we use as our standard of reference 
the combining weight of h^'drogei^ 1*01 (0 = 8-00), the values found will in¬ 
cidentally give tis the combining weight of magnesium (post, p. 347). 
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which on hydrochloric or sulphuric acid is much less vigorous 
than that of magnesium. 

Experiment XLVI. Find the I'atio between the weight of metal 
combining; with unit weight of oxygen, and that evolving unit W’cight of 
hydrogen for (a) magnesium, (!») zinc, (c) tin, and record your results in 
some tabular form (cp. p. 347). 

2. To show that the ratio d : 5 is the same in the binary 

compound AB as in the ternary compound ABC. 

Berzelius oxidised lead sulphide to lead sulphate, and 
the resulting substance was tested for a soluble lead com¬ 
pound and for sulphate, these being the substances which 
would be formed along with the insoluble lead sulphate if in 
this latter ternary substance there were less of lead or less 
of sulphur than in the binary parent substance, tlie lead 
sulphide. 

Experiment XLVII. Oxidation of lead sul)>hide to lead sulpbsite and 
testing of the resulting substance for the relative amounts of lead oxide 
and sulphate i)roduced. 

To a solution of hydrogen peroxide, Avhich luis been freed from the 
sulphuric acid which is often present in the commercial substance by adding 
saturated I)aryta solution till the reaction to litmus is neutral, add fre.shly 
precipitated moist lead sulphide in small quantities at a time. Bubbles of 
oxygen arc given off and the black sulpbide is gra<lually oxidised to the 
white sulphate. When there is no further action add to the liquid twice 
its volume of methylated spirit and leave to stand for some time. Test the 
supernatant litpud for lead by passing hydrogen sulpbide into part of it 
and observing wlietber any black prccii>itatc is formed, and for sulphate 
by adding to a part of it, a .solution of barium ebloride and noting whether 
any white sulphate is thrown down. 

3. To show that the ratio A ■. B is the same in the combi¬ 

nations AC, BC and AB, i.e. that the quantities of ^ and 
B which are equivalent in the power of combination 
with a third substance C are also the quantities which 
will combine together and vice versa. 

Demonstration of the existence of the above relationship 
for the three elements carbon, hydrogen and oxygen. 

Experiment XXiVIII. Determination of the volumetric combining 
ratios for the substiince.s marsh gjis (hydride of carbon), carbon dioxide (oxide 
of carbon) and water (oxide of hydrogen), which .sliows that tlic quantities A 
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of hydrogen and B of oxygen which are imited with the same weight of 
carbon in tJie hydride and the oxide, are also the quantities which luiite to 
form the oxide of hydrogen. 


Carbon 

C 


Oxygen 

B 


Carbon dioxide 
- C + B - 


Water 

A+B 


Marsh gas 
- A + C - 


Hydrogen 


A 


The experimental work required comprise.s the following volume 
measurements: 

(i) Ratio hydroge)! : carbon dioxide, obtained in the decomposition of 
marsh gi\s. 

(ii) Ratio carbon dioxide : oxygen used in its production. 

(iii) Ratio hydrogen : oxygen which unite to form water. 

(i) Methane. The methane (marsh gas, Dalton's liglit carburetted 
liydrogcn) i.s prepared in the manner already referred to (ante, p. 124^ by 
lieating a mixture of fused dehydrated sodium acetate with about H times 
its w’eight of soda lime in either a hard glass test-tube or a Florence flask— 
placed so that the condensed moisture may not run back upon the hot 
glass—and citlier tlelivering the gas directly into the vessel in which it is 
to be tested, or stonng it in an aspirator over water, in which it is not very 
soluble (at 20* 1 vohime of water absorbs about "0.35 vohime of the gus); if 
required dry, it must on its way to the decomposing appamtus be bubbled 
through concentrated sulphuric acid. 

(1) Determinatic)!! of the ratio methane : hydrogen by decomposing a 
known volume of the gas into gaseous liydrogcn and a negligible volume of 
.soli<l cai-bon. The decomposition is efiTected by passing electric sparks until 
no further volume change occui-s. 

Let the ratio found be 1 : a (the standard value being 1 : 2). 

(2) Determination of the ratio methane : carbon dioxide. This is found 
by exploding in a suitable apparatus a known volume of the gjis mixed with 
excess t»f oxygen, and measuring the volume of carbon dioxide formed by 
absorption with potash. The explosion must be carried out over mercury, 
because if done over water at tlie liigh pressure produced, a very large pro¬ 
portion of the carbon dioxide would dissolve in the water. 

Let the ratio of methane to carbon dioxide be found to be 1 : & (the 
standanl value being 1:1). Since the ratio of methane to hydrogen =1 : <7, 
the required ratio of the volume of hydrogen to that of carbon dioxide pro¬ 
ducible from the hydrogen and carbon united in methaiie=s<z : b. 
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(ii) Tlie ratio carbou dioxide : oxygen used in its formation. 

This expeiiment is described in most of the standard text books (Newth, 
1907 ed., pp. 307 et seq .; Roscoe and Schorlemmer, Treatise on Cfiemistri/y 
vol. I, p. 714). The principle of the experiment consists in syntlicsising the 
carbon dioxide by burning some carbon in oxygen or in air, and showng 
that no volume change occurs, from wliich the inference is drawn that the 
volume of the oxide formed is equal to that of the oxygen participating in 


H 





A. Combustion vessel, round (or flat) bottomed flask of 
about 500 c.c. capacity fitted with a good rubber cork 
through which passes B. 

R. The metal rod carrying the small metal cup in which 
is placed the carbon to be burnt. 

C. Glass tube bent at right angles and fastened by short 
rubber tube to 

D. Three-way glass stop-cock by means of which com¬ 
munication can be made betw'ecn A and the measuring 
tubes F and G, or between A and the reservoir H. 

E. Capillary tube of fine bore bent at right angles con¬ 
necting the three-way stop-cock with the measuring 
tubes. 

F and G. Measuring tube and pressure adjusting tube by 
means of which any change in volume of the gaseous 
contents of A can be detected and measured. F is 
graduated to 1/10 cm. 

H. Reservoir filled with potash solution for the absorp¬ 
tion and measurement of the carbon dioxide found 
in A, 

J. Screw or pinch clip for closing the india-rubber tube, 
which when quite filled with potash is slipped on 
to D. 





Fig. 64 
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Jh: Jvli f Pr epared to accept an approximation to 

this relationship as indication of identity, it is not necessary that the reaction 

tliat we should have used all the oxygen 
a\ ailable, or that we should know the volume of carbon dioxide formed. If 
however we insh to measure the actual i-atio c : 1 , we must measure m. 
the small volume change resulting on combustion, and m, the volume of 
carbon dioxide formed, when we get the relationship: volume of carbon 
dioxide : volume of oxygen used in its production 


— n : n±.7n = 


w 


7i±jn 


1 =c : 1. 


The apparatus depicted in fig. 64 can be easily set up with the resources 
of an ordinary laboratory; a Ilempel gsis burette is generally used for 
measuring any volume change which accompanies the formation of the 
carbon dioxide; a Lunge’s nitrometer may be substituted for the Hempel 
gas burette, or an equally effective ari-angement may be made from two 
burettes, as shown in the figure. 

Procedure, 

Some of the air in A is replaced by oxygen; though this is not absolutely 
necessary it is desirable in order to help the combustion bv increasing the 
concentration of the oxygen; but it is better not to use pure oxygen lest 
the combustion sliould be too rapid and the heat evolution so great as to 
produce a very considerable increase of pressure in the closed system which 
iniglit lead to leakage of the through the cork or at the tap 1>. 

A small piece of charcoal is placed in B. 

B is detached from Fy anti F and G are nearly filled with water. 

i^is ^nnected to By D placed so as to make communication lietweeii 
A and Fy and a value obtained for the effect on F pushing the cork 
into A ; for this puiqmse the level of the water in F is read, the cork pushed 
into Ay the jiressure in F adju.stetl to that of the atmosphere and an accurate 
reading taken; tins process is repeated a number of times so as to obtain 
a fairly reliable mean value. 

are now ready to burn the carbon in A and note the effect on the 
volume of the gas ; with D still placed so as to make communication 
between F and A, and the cork not inserted in A, the level of the water 
in F is read—let this be a —the charcoal in B is ignited by a Bunsen 
burner, the cork is rapidly and securely pushed into A and Z> turned to an 
angle of 43 so as to close both O and F; when the combustion has ceased 
allow sufficient time to elapse to ensure that A lias cooled to the tempera¬ 
ture of the room ; turn B so as to make communication with F and by 
raising or lowering G bring the pressure inside the apparatus to that of the 
atmospliere. Close the tap at the top of F and read the level of F—let 
this he fj. It is desiiiible to close the tap of .^’as soon as the levels of F 
and G have been equalised so as to give as little chance as possible for the 
diffusion of carbon dioxide and its solution in F- — m will represent any 
volume change that lia.s occurred in A in the coui'se of the experiment; the 
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more successful we have been in eliminating experimental error the more 
nearly will {b — a)-m approach to zero. Now measure the volume of carbon 
dioxide found; for this purpose fill H with moderately strong- potash solu¬ 
tion (one part of potash to two of water), get all the air in the long 
rubber tube replaced by the solution, let some of the solution flow’ out by 
opening the clij) J for an instant; slip the rubber tubing over the nozzle 
end of Z), twist A through 180® by twisting C in the rubber tube which 
connects A with Z>, turn D so as to make connection between A and H 
and let the potash run in—if necessary start it by cooling A by the spon- 
tiineous evapoi-ation of a few’ drops of ether poured on the outside, and 
then {issist the absorption by shaking. When absorption has been com¬ 
pleted adjust the pressure to that of the atmosphere, close Z>, detach the 
tubes connecting D with /^aiid H respectively and mesisurc the vohune of 
potash solution that has entered A and C by means of a graduated cylinder; 
let this volume be «, then as shown above 

n : »±m=carb(>n dioxide toxj'gen. 

(Standard value =1 : 1.) 

(iii) Ratio hydrogen : oxygen uniting to form water. This has been 
determined in Experiment XXXII, p. 24.>, when its value was found to be 
in close approximation to the standard value 2-00: 1. 

Interpretation of the results. According to (i) and (ii) the ratio of the 
volumes A of hydrogen and B of oxygen combined w ith the same unknown 
amount of carbon C is giveii by the relations 

A ■.BV=^-.\, 

and (iii) gives for the ratio of the volumes A of hyilrogon and B of oxvgen 
which unite to f«»rm the compound A'B\ 

A =B = 1 :\=A : j5, 

A . B the same in AC as in AB. 



CHAPTER IX 

COMBINING OR EQUIVALENT WEIGHTS 

I. The conception of the combining weight. 

This is the outcome of the recognition of the laws of 
chemical combination ; it is a generalisation including all 
these laws, though it is sometimes quite justly connected 
specially with the law of permanent ratios, which for that 
reason is also designated as the law of combining weights. In 
dealing Avith the latter in the preceding chapter, it has been 
pointed out that it supplies a basis on which the composition 
of any compound whatever can be represented by the general 
formula 

7nA -\-nB -hpC-i-qD -h 

where if A denotes an arbitrarily chosen weight of any one 
element, then B, C, are constants which denote values 

characteristic of and peculiar to the other elements in the 
compound, and m, are simple whole numbers. To 

tliese specific constants ..ri, R, (7, Z>, ... which represent the 
ratio of the quantities of the different elements which unite 
witli one another, has been given the name comhming weight. 
The term is used as if synonymous with equivalent weight, 
whicli latter name, as a matter of fact, is more frequently met 
M'ith as the designation of the constants A, B, C, D, .... 
Fundamentally the two are not identical, combining weight 
referring to composition as expressed by the ratio BjA, and 
equivalent weight to the chemical equivalency in thecombining 
power of two substances—elementary or compound—towards 
a third; but their indiscriminate use cannot really be ob¬ 
jected to, because, according to the law of permanent ratios, 
the quantities of two elements equivalent in their combining 
powei* with a tliird are also the quantities which will combine 
with one another, and vice versa. 
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II. Consideration of the general formula 

mA + uB + i)C + qD + ... 
which represents the quantitative composition of any com¬ 
pound M. 

1. Choice of 'a standard. 

Obviously, since there is nothing fixed about the amount 
of M, the constancy found holds, not for the absolute weights 
of the different component elements, but only for that of their 
relative amounts, ix. the combining ratios \ hence in order to 
secure uniformity for practical purposes, it becomes necessary 
to select once for all a common standard A, when the values 
i?, C, D, etc. denote the constant quantities of the various 
elements which will combine with or which are equivalent to 
that definite fixed amount of A. The choice of A, like the 
choice of a standard to be used in the measurement of length 
or of mass, is a process which, though in principle absolutely 
arbitrary, is in reality dominated by considerations of con¬ 
venience. Two things have to be chosen, (a) the clement, and 
{h) the amount of it. 

(rt) Choice of the element. 

The coiisi<lerations set forth below under (2) show that if 
we determine the required ratio indirectly by measuring 
BjC and assuming CjA as an antecedent datum, the error 
attaching to each of tliese ratios will tell in the value of the 
error of BjA, an error which will increase with the number of 
antecedent data involved. This means that, in geuerctly a 
method will be the less trustworthy, the less direct it is. Hence 
it is obvious that the element chosen for standard should be 
one which gives opportunity for a large number of direct 
determinations, as will be the case if it forms suitable com¬ 
pounds with a large number of other elemeiits. All elements 
except bromine and fluorine form compounds with oxygen ; 
a very large number of these compounds can be obtained in 
a state of great purity, and consequently their composition 
can be ascertained with great accuracy. Hence oxygen, 
which at different times in the cour.se of the last century was 
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used as a standard element, is now deenitely accepted as such 
by international agreement. On the other hand hydrogen, 
since it has the smallest combining weight, seemed to be 
marked out by nature as the standard, and has in fact held 
that place alternately with oxygen. When judged by the 
above criteria, however, its unsuitability is obvious: thenumber 
of elements which form simple compounds with hydrogen is 
small, and these compounds, either because they are too un¬ 
stable to be properly purified or because the relative amount 
of liydrogen contained in them is so very small, do not lend 
themselves well to the purpose of accurate analysis. 

{h) Choice of the standard amount of the standard element. 

It has on practical grounds been found desirable to make 
the numbers expressing the combining ratios as small as 
possible subject to the limitation of libne being less than unity. 

hen, as was done at one time by Berzelius, oxygen was 
taken as 100, the values for many elements became clumsily 
high Pb= 1294-5, Au= 1243-0); when Thomson used 

0 = 1, the combining weights of some elements were repre¬ 
sented by numbers smaller than unity. Early experiments 
had led to tlie belief that the ratio of Hydrogen to Oxygen 
in water was exactly 1:8; hence H = 1 was accepted as the 
nominal standard and ecjuivalent weights obtained fi’om the 
coini)osition of oxides were referred indirectly to it. But 
later more accurate experiments showed that the ratio was 
more nearly 1*0078:8 or 1 ; 7-938. It has been decided by 
the International Committee on Atomic^ Weights that the 
more conventional standard H = 1 should be abandoned in 
faA'our of 0 = 16 both for the reasons given above and also 
because the latter presents the practical advantage that for 
many elements the values derived from it for the atomic 
weights approximate so closely to whole numbers that in any 
but the most accurate work the whole numbers may be used. 

2. Direct and indirect reference to the standard. 

The reference to the standard may be direct as in the 
determination of the combining ratio between carbon or 

^ See below (p, 326) for methods of selection of atomic weights when the 
combiniDg weights have been determined* 
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hydrogen and oxygen in the gravimetric synthesis of carbon 
dioxide and water respectively, or indirect, as in the deter¬ 
mination of the combining weight of nitrogen by analysis of 
silver cyanide, the combining weights of silver and carbon being 
assumed as antecedent data. Thus, the combining weiglit 
of nitrogen has recently been ascertained with great accuracy 
by the analysis of nitrous oxide and nitric oxide {(mte, p. 272). 
In these determinations the reference to the standard (oxygen) 
was direct, and hence the error in the final result solely that in¬ 
volved in the measurement of the ratio weight of oxide : weight 
of oxygen; the accurate analysis of these two oxides how¬ 
ever only became possible after the introduction of methods of 
work at low temperature which made these substances in the 
liquefied and solidified state amenable to the ordinary pro¬ 
cesses of purification. Hence all the earlier methods used 
for the determination of the combining weight of nitrogen had 
of necessity to be indirect ones. Thus when in 1900 Dean found 
this value by determining the ratio silver cyanide: silver, two 
experimental measurements were necessary, viz. (i) the volume 
of a solution of potassium bromide requir^l to precipitate 
all the silver in the silver solution obtaine<l by the decom¬ 
position of a known weight of the cyanide, and (ii) the silver 
precipitating value of the potassium bromide solution, from 
which the weight of silver equivalent to the bromide solution 
used and hence to tlie weight of cyanide taken was found. 
Then the weight of cyanide whicli contains the combining 
weight of silver was calculated, and by subtracting from 
this the combining weights of silver and carbon tlie value 
for the combining weight of nitrogen was obtained. This 
value will be affected not only by the errors of the two 
sets of measurements, but also by those attaching to the 
values Ag and C, i,e. the combining weights of silver and 
carbon used as antecedent data. Thus a priori in theory the 
great superiority of direct methods of determination is obvious. 
But in the case of a student’s experiment based on the fore¬ 
going, it will probably not matter in the least, as far as the 
final result is concerned, whether the method used is a direct 
or an indirect one, because it may be taken as practically 
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certain that the experimental errors affecting the value ob¬ 
tained for p : q will gi-eatly exceed those attaching to the 
standard values used as antecedent data. 

3. Operation of the law of multiple ratios. 

The introduction of the factors w, n, Py ... representative 
of simple whole numbers takes account of the law of multiple 
ratios, and shows that whilst the analysis of different com¬ 
pounds of the same element may yield different values for the 
combining weight, these are all simply related, being simple 
whole multiples or subinultiples of one another. Thus the 
combining weight of carbon referred to oxygen =* 8*00 is 6 
or 3 according as to whether it is determined from the 
composition of carbon monoxide or carbon dioxide; the 
combining weight of sulphur deduced from the equivalency 
ratio between oxygen and sulphur in the oxide and sulphide 
of lead is 16, whilst it is ^ and if determined from the 
composition of sulphurous anhydride and sulphuric anhydride 
respectively. The difficulty thereby introduced into a system 
of symbolic notation will be discussed below. 

III. Symbolic notation. 

The recognition that to each element there belongs a 
characteristic constant value which represents the relative 
quantity of this element entering into any chemical combi¬ 
nation w'hatever, makes it possible to devise a symbolic 
notation for the representation of chemical composition and 
chemical change which is both qualitative and quantitative. 

Before entering into the discussion of this matter, it may 
be of interest to give in the merest outline the history of the 
development of chemical notation*. 

• With chemical symbols it has been the same as with chemical names ; 
they have been but the expression of the chemical knowledge of the time. In 
the Dark Ages a scanty number of jealously guarded facts were disguised by 
mystical signs; later on the facts, confused and merely empirical as they were, 
were represented in a manner also confused and fortuitous; and finally, when 
a fuller understanding of chemical phenomena had been reached, the symbols 
became not only more rational, more simple and more convenient, but at the 
same time also more comprehensive and expressive of more complex views 
(Kopp, Geschichte der Chemie). 
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Kopp, in his history of chemistry, tells us that nothing 
certain is known about the inner meaning of that connection 
which was supposed to exist between the seven metals kno>vn 
to antiquity and the planets, and that it is equally uncertain 
what the individual signs for these were meant to symbolise; 
nor can any approximate date be fixed for the time when in 
dim antiquity they were first conceived. AVhat is known is 
that the signs for 

Gold Silver Mercnry Copper Iron Tin Lead 

Sol Luna Merourius Venus Mars Jupiter Saturnus 

O > 5 ^ 3/ b 

were used ficely by the alchemists of the thirteenth century 
along with othei*s representative of the four Aristotelian 


elements, viz. : 




Fire 

Air 

Water 

Earth 

A 

A 

V 

V 


As time went on, various commonly occurring substances 
were represented by symbols, but these were chosen arbi¬ 
trarily and not subject to any general consensus ; such signs 
were : 

0 / ©^ 

Spirit of Wine Fixed Alkali Volatile Alkali 

(Alcohol) (Soda or Potash) (Ammonia) 

Clay Vitriolic Acid Acid of Fluor 

(Alumina) (Sulphuric Acid) (Hydrofluoric Acid) 

It Avas a step in advance when it was proposed to choose 
for analogous substances one characteristic sign—such as a 
circle for all metals—and to differentiate the special sub¬ 
stances belonging to the class by some special additional 
sign—such as the first letter of the name of the metal placed 
within the circle. Real progress was made towards the end 
of the eighteenth century in the attempts to represent the 
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qualitative composition of compounds by the juxtaposition 
ot the symbols representative of their components, thus: 

^ ^ ^ ( (c5“ 

Oxygen Hydrogen Carbon Copper Water Carbonic Acid Cop^ Oxide 

Lavoisier's application of the laAv of conservation of mass 
to the representation by means of an equation of the quanti¬ 
tative aspect of a chemical change may be taken as the 
beginning of a notation, quantitative in so far as it repre¬ 
sented the Aveight of the complex substance as the sum of 
the Aveights of the constituents. 

An example of Lavoisier’s notation is shoAvn beloAV, the 
expression being the first of a series by Avhich he represented 
the solution of iron in nitric acid, and giving the compo¬ 
sition of the mixture before reaction^: 


Avhere 


J s ^ t 


— iron, = oxygen, 

V = water, = nitrous air, 

a = quantity of iron taken, 

b = ratio between the quantities of iron and nitric acid 

Avhich react, 

nb = quantity of nitric acid required to dissolve a of iron, 
ab 

. — n )> AA'ater contained in ab of acid, 


2ab = 

ab _ 
s 

ab __ 
t ~ 


tAvo parts of Avater AA'ith Avliich the acid must be diluted 

to moderate the reaction, 

quantity of oxygen contained in ah of acid, 


>9 


99 


nitrous air contained in ab of acid. 


In this equation the symbols for the components repre¬ 
sented Aveights, but not fixed Aveights characteristic of the 
specific elements. This further deA'elopment only became 

» See Pattison Muir, HUtory of Chemical Theories and Laws, p. 66. 
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possible after the discovery and the establishment of the 
laws of chemical combination, and its introduction is associ¬ 
ated with the name of Dalton, the founder of the Atomic 
Theory, Whatever may have been the order of the historical 
sequence, whether Dalton proceeded inductively, grasping 
‘ in his comprehensive survey as significant to him of deeper 
meaning than to his predecessors, their empirical laws of con¬ 
stant and reciprocal proportions, no less than his own law of 
multiple proportions...,' or Avhether, as seems nearer the 
truth, his atomic theory of chemistry Avas but an extension, 
an application of the idea of the atomic structure of matter 
Avhich had risen in liis mind as a purely physical conception, 
Avhat Ave are concerned Avith here is that the atomic hypo¬ 
thesis promulgated in the first decade of the nineteenth 
century correlated all the laws of chemical combination and 
led as a consequence to a symbolic notation identical in 
principle Avith the one still used by us. Those specula¬ 
tions concerning the ultimate constitution of matter Avhich 
are associated Avith the names of the Greek philosophers 
Leucippus, Democritus and Epicurus, and Avhich form the 
subject-matter of the Avork Dc lUrum Natura, of the 
Roman poet Lucretius, sec p. 104, were revived in a modified 
and extended form by Dalton who thus introduced into the 
science the conception of the atom as the unit of chemical 
action. According to Dalton matter is considered as of 
finite divisibility, and the atoms represent the limit reached 
in meclianical division, viz. the smallest portions of sub¬ 
stances Avhich still retain the chemical properties of the 
Avhole mass; if dcri\'ed from an element the atom is truly 
indivisible (uto/aov) ; if derived from a compound it has 
parts, but these arc different from the Avhole; chemical 
change is due to certain attractions—termed affinities—in- 
hcient in tliese atoms, and consists in tiie combination 
between simple numbers of elementary atoms, each of Avhich 
is endoAved with a conshint Aveiglit characteristic of and 
specific for the different elements; from such atoms are 
formed ‘compound atoms ’ the weights of which are the sum of 
the weights of the constituent elementary atoms. A direct 


V. Q. 


21 
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outcome of this manner of viewing chemical composition and 

was the system of notation devised by Dalton, 
in which the composition of the reacting unit of a compound 
— Le. Dalton’s compound atom—was represented by the juxta¬ 
position of a certain number of geometrical symbols each of 
w'hich represented one atom, i.e. a definite fixed weight of 
the constituent elements. The determination of the absolute 
weights of the atoms—which are quite outside the realm of 
sensual perception—being an impossibility, the quantities 
represented by the symbols were relative atomic weights^ 
expressed in terms of the hydrogen atom as unit, thus: 


chemical change 


o 

stands for an atom of 

hydrogen 

its relative 

weight 1 

© 


carbon or charcoal 



o 


oxygen 

9 f 

7 

oo 


water or steam 
composed of 1 of oxygen 
and 1 of hydrogen 


8 

oo 

$ t 

carbon monoxide 
comijosed of 1 of carbon 
and 1 of oxygen J 

• * 

12 

ooo 


carbon dioxide \ 

1 carbon and 2 oxygen j 

> * 

„ 19 

^8 

1 • > ’ 

acetic acid ] 

2 carbon and 2 water j 

>> 

26 


To Berzelius we owe the simplification resulting from the 
substitution of letters for Dalton’s geometrical symbols; a 
certain characteristic quantity of each element, i.e. its re¬ 
lative atomic weight, is represented by the first or the first 
two letters of its Latin name, and a small number placed 
below indicates the number of times the quantity repre¬ 
sented by this symbol weight is present. In this symbolic 
notation devised by Dalton and simplified by Berzelius the 
qualitative and quantitative composition of compounds is 
represented in terms of units which they considered were the 
relative atomic weights. If the standard of reference is the 
same, i.e. if the weight of the hydrogen atom is arbitrarily 
called 1 or that of the oxygen atom 8 or IG, the numerical 

■ 1 The analyses from which Dalton deduced his atomic weights were very 
correct ; but this did not trouble him. He was great as a “thiuker,’ 
inferior to many a predecessor and contemporary as an experimenter. 
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values of the symbols will either be the same for the atomic 
and the combining weights, or at least related in a very 
simple manner. The choice of one particular value for the 
atomic weight from amongst two or more possible ones all 
related in this manner is a problem which can be stated as 
follows :—What are the criteria for the assigning of values to 
the factors n, in the general equation given at the 

beginning of this chapter ? Taking carbon for example, if 
carbon dioxide were the only existing combination between 
these two elements, it might be represented by CO with 
O = 10 and C = 0 or with 0 = 8, C = 3 ; but the existence of 
another compound called carbon monoxide in which the quan¬ 
tity of carbon combined with the same w eight of oxygen is 
twice as great as in the former compound confronts us with 
facts which can be represented equally well either by 
0^0 (monoxide) and CO (dioxide) when O = 10 and C = 0, 

or 0=8 and C = 3, 

or by 

CO (monoxide) and CO^ (dioxide) when O = 10 and C = 12; 
or O = 8 and C = 0. 

Further data arc recpiired before a decision can be made; 
we must iiuiiiire what kind of data will serve the purpose, 
and how they are to be used. The way in which Dalton met 
the difficulty by laying <lown a set of arbitrary rules for fixing 
the values of m, 'Z* ••• atomic combination is dealt 

with shortly in the ai^pendix to this chapter, where it is also 
shown how the development of the atomic theory and its 
deduction from the molecular theory led to the substitution 
for arbitrary rules, of une<piivocal criteria. What we are con¬ 
cerned with here is the consideration of the manner and the 
extent to which the difficulty has been met in the case of a 
system of notation in which the symbols stand for atomic 
weights. 

The great French chemist Laurent (1807—1853) in his 
masterly treatment of the nature and the solution of this 
problem has with the utmost clearness stated the principle 
which should guide us in the selection of the most snUable 
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values for the various atomic weights. The decision as to 
wliich multiple or submultiple of the combining weight found 
by experiment shall be chosen for the atomic weight of the 
element depends on the production of a formula for its com¬ 
pounds which shall in the simplest possible manner convey 
the greatest possible amount of chemical information. This 
further information conveyed hy the symbolic notation should 
be noted: it shows not only of what the substance is com¬ 
posed qualitatively and quantitatively, but also what it can 
do chemically, its history past and present, its relationships. 
Thus the formulae HoO and HCl show that Avhilst the hydrogen 
in water can be replaced in two stages, that in hydrochloric 
acid can be replaced in one stage onl}'; the formulae H 2 O and 
IloS express certain similarities between the properties of 
water and those of sulphuretted hydrogen, both of these 
substances giving derivatives in which either the whole or 
only half of the hydrogen is replaced by an alkali metal. 

The average elementary student concentrating all his 
interest and attention on the modern atomic weight notation 
gives little thought to the historical development of that 
system. The empirical method used b}’ Berzelius was not 
given up because of any error inherent in it but because it 
was recognised that its permanent object, viz. the establish¬ 
ment of chemically adequate formulae, could be achieved 
with greater certainty and greater directness in another way, 
'fhe subject is one of great impoi'tancc and interest; and 
although its adequate treatment is beyond the scope of this 
book, some help towards a clear realisation of how chemically 
ade(piate formulae are constructed should be supplied by the 
matter dealt with in the next section and in the appendix to 
this chapter. 

IV. The experimental determination of the Combi'ni?iff 
or Ef/fu'ralcJit Weight and the choice of the Atomic 
Weight. 

Considered from the luirely methodological point of view, 
the determination of the atomic weight, a quantity derived 
from the combining weight, must come last; but in actual 
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practice, in the investigations by which our knowledge of this 
special section of stoichiometry is being extended, no such 
strict sequence is observed ; in fact, in the preponderating 
number of cases the selection of a formula for tlie compound 
precedes the determination of its composition. In all tlie 
so-called atomic weight determinations done nowadays, tiie 
object is the attainment of greater accuracy in the measure¬ 
ment of a combining ratio ajb ; a difficult and exacting piece 
of work is undertaken, the residt of which—even in antici¬ 
pation—turns on the change by a very few units in the third 
or the fourth significant place of a number already' known with 
a ct)n3iderable degree of accuracy and derived from the study 
of a compound the formulabf which is supposed known 
in the accurate determination of the atomic weights of 
potassium, barium and iron from the analysis of the chlori<les 
the values are calculated on the basis of the formulae KC’l, 
BaCl.. and FeOb). But even in those instances which now¬ 
adays arc of such rare occurrence, viz. the first determination 
of the atomic weight of a newly discovered element, the in¬ 
vestigation of its specific properties may proceed in an order 
such that marked analogies with other well-known elements 
are recognised by assigning the same general formulae X,„On 
and X,„C1,, (orX,„Cl 2 a) to the oxide an<l chloride, a classifi- 
catory process which ma}’ be carried out on the basis of cpiali- 
tative reactions only, before tlie quantitative composition of 
these substances has been ascertained. The element radium 
suj)plies an example of this. At a quite early stage of the 
work connected with its separation from other substances 
and the study of its specific chemical nature, it became evident 
that its properties are very similar to those of barium. 


l‘’roin its chcinicul pmpci-ties, rmliuia is ni\ element of the }»T»)Up (jf 

ulkallne earths, being the member next above barium_The salts of radium, 

ehloriile, nitrate, carbonate and sulphate resemble those t)f barium,... In 
their chemical jn’operties, the salts of railium are absolutely analogous to 
the corresponding salts of barium. (Mine. Curie, 1903.) 


Hence the new element was classed with the alkaline earth 
metals*, and the formula Ua01.> was assigned to the chloride 


* A course justified by the fact th.at a vacant place in the group II, senes 7 
column of the periodic table was actually found to accommodate the new-comer. 



326 Comhining or Equivalent Weights 

before any combining weight measurements whatever had been 
made. 

There is therefore no inherent objection to a text-book 
treatment in whicli the mode of selection of the factoi’s w, w, 
... is dealt Avith before the experimental work required in 
the measurement of the ratio a : h. In the following examples 
taken from standard Avork and in the students’ illustrative 
experiments, the selection of the Aalues wi, n, 2^y ••• "hi be 

siipi^osed to have preceded the determination of the ratio ajh. 

1. Selection of the atomic Aveight, i.e. the assigning of 
the values to be given to the factors w, ... in 

the general formulae given above. 

From Avhat has already been said in the preceding section, 
it folloAVS that the selection of the atomic Aveight is tlie result 
of the extensive comparative study of a very large number 
of substances and of a very large number of reactions ; it 
amounts to a choice of the formulae by Avhich the A’arious 
compounds of the element considered shall be represented. 
No specific rules can be laid doAvn, and the Avork iuA’olved is 
too extensive to lend itself to being illustrated by any 
students’ exi)eriraent. All that can be done to help to a 
proper understanding of the nature of this work is to give a 
historical example. We Avill consider the time-honoured one 
of how the great SAvedish chemist Berzelius in 1826 halved 
most of the atomic Aveights Avhich he had in 1818 assigned 
to the various metals. 

Ten years of incessant Avork, begun in 1808, Avere devoted 
by Berzelius to the determination of the composition of a very 
large number of conqAOunds ; from these data he deduced 
values for the atomic Aveights of all the elements then knoAvn, 
a lu'ocess Avhich involved the assigning of formulae to the 
compounds investigated. This he did, subject to the general 
])i*inciple that the formula given to a compound should indi- 
<ate its chemical behaviour, and aboA'e all that substances 
similar in their properties should be represented by similar 
formulae. Having ascertained experimentally that the quanti¬ 
ties of oxygen combined Avith the same amount of iron in 
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ferrous and ferric compounds respectively are as 2 :3, and 
applying the principle of ‘greatest simplicity/ he assig!ied 
to these oxides the formulae FeO™ and FeOs respectively. 
The chemical similarity of ferric compounds with those of 
chromium thus led to the formula CrOs for the basic oxide of 
chromium, whilst the oxides of zinc, manganese etc. were 
formulated on the type of ferrous oxide, i.e. ZnOs, MnOo, etc. 
This was in 1818, but in 1826 all these formulae were revised, 
in consequence of the following considerations : chromic an¬ 
hydride for tlie same amount of chromium contains twice as 
much oxygen as chromic oxide, and if the foi-mula of the latter 
we!*o Cr <.)3 that of the anhydride would be C’rO,i. But the 
chemical analogies between chromic anhydride and sulphuric 
anhydride are so strongly marked as to call imperatively for 
recognition by similar formulae ; the choice lay between CrO.; 
and SO.; on the <me hand, and O 1 O 3 and SO^ on the other, and 
the latter were accepted, because otherwise the formulae for 
all the sulphur comi)ounds would have had to be changed from 


those which were then and still are current, and would have 
been made, not only more complex but also chemically less 
ade<iuate (SO,;, SO 4 , H^S in place of SOj, etc.). Rut 
if chromic anhydride is CrOy, chromic oxide becomes Cr.>Oa, 
and the oxides of iron, manganese and aluminium whose 
properties are similar to those of chromic oxide must be 
represented by Fe-jOj, Mir.tb and Aldh; accepting FeA), as 
the formula for ferric oxide, that for ferrous oxide becomes 
FcO, and the whole series of oxides which give rise to salts 
with properties analogous to those of ferrous iron must be 
represented as composed of one atom of metal combined with 
one atom of oxygen, c.</. ZnO, MgO. Berzelius’ own estimate 
of the course adopted by him in this matter was : ‘ ...to hit 
upon what is true is a matter of luck....Unfortunately in these 
matters the certainty of our knowledge is as yet so small that 
all we can do is to follow the lines of greatest probability.’ 

The reasoning followed in assigning the formulae KCIO;;, 
KC ’104 and KCl to tlie chlorate, perchlorate and chloride of 
potassium (ante, Chapter II, p. 00 et scq.) will be given at a 
later stage of this chapter (pout, p. 3.37). 
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2. The experimental determination of the combining 
weight. 

Attention must be drawn at the outset to the fact that all 
current periodicals and most of the text books in dealing with 
this subject do so under the heading 'determination of the 
atomic weight/ In the case of a reader who specially wants 
to inform himself concerning the standard work done in this 
department in the past and to keep up with the present-day 
contribution towards it, this does not matter. Such a person 
realises that the determination of an atomic weight is made 
up of two absolutely distinct and fundamentally different pro¬ 
cesses, viz. ; (i) the accurate measurement of the combining 
M'eight juid (ii) the determination of the numerical relation 
between the combining weight and the atomic weight, whicli 
involves the establishment, by special methods, of formulae 
for the compounds investigated ; he knows that the infor¬ 
mation given under the name of ‘determination of atomic 
weight ’ is concerned solely with the first of these processes. 
But from the point of view of the average elementary student 
the custom is to be regretted, because, as tlie experience of 
teachers shows, it is \evy a^^t to lead to or at least to foster 
the erroneous belief that the combining weight is in some way 
dei’ivcd from tlie atomic weight instead of being the funda¬ 
mental datum from which the latter is deduced. 

The paramount importance which attaches to the know¬ 
ledge of the accurate values of these fundamental units, and 
the large amount of work that is being devoted to ' redetermi¬ 
nations,’ makes it desirable to show by a number of examples 
how the above general princijjle is applied. In the choice of 
examples preference has been given to cases dealing with the 
elements nitrogen, tellurium and radium, all of which have 
of late for veiy different I'easons attracted considerable atten¬ 
tion. Nitrogen, being an element which enters into the com¬ 
position of so many compounds of great importance, demands 
the chemist’s greatest attention. The value accepted until 
1907 for its combining weight on the authority of Stas’ work 
was 14 04, the method employed—an indirect one—having 
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involved the complete change of a known weight of the 
chloride of sodium or potassium into tlie nitrate, the atomic 
weights of potassium, sodium and chlorine being used as ante¬ 
cedent data {post, p. 333). But the end of the nineteenth 
century brought an extraordinary perfection in the measure¬ 
ment of gaseous densities; values which were reliable enough 
to be used in the calculation of accurate molecular weights on 
the basis of Avogadro’s hypothesis were obtained {post, p. 3R5) 
and accurate atomic weights were deduced from these. It 
was found that the value obtained for the atomic weight of 
nitrogen from the ratio, density nitrogen : density oxygen 
== A' : 10*000 was 14*00/. 

The discrepancy between this, the so-called ‘ physico¬ 
chemical ’ and the older ‘chemical’ values, has led to a 
number of redeterminations, the result of M'hich has been the 
substitution of the value 14 01 for 14*04. 

^lention has been made already of the anomaly presented 
by the atomic weight of tellurium in relation to the periodic 
classification ; whilst according to its properties it should in 
the sccpience of elements come in the sulphur grouj) and so 
before iodine, yet according to its atomic weight it would come 
after iodine. The obvious way of accountitig for this aiioinaly 
has been to assume that the material which has yielded tlie 
embarrassingly high atomic weight is not a pure substance but 
a mixture ; hence the many attempts at resolution, the prin¬ 
ciple of which has been set forth in Chapter III. Tellurium 
compounds prepared from material obtained from different 
localities have been subjected to a change in physical con¬ 
ditions and thereby separated into parts ; in the parts or 
fractions so obtained, if the original material had been a mix¬ 
ture, differences in the physical properties of constituents 
would have produced at least a partial separation ; but these 
parts, when coini>ared with one another and with the oi’iginal 
substance, have so far never shown the difference so eagerly 
sought. The devices resorted to for producing a separation 
were most diverse (see ante, p. 133); the special test applied in 
each case to prove identity or difference in the various fi actions 
was the accurate measurement of the combining weight. 
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Apart from the interest which centres round radium on 
account of its startling radio-active properties, the choice of 
this element may be justified on the gi-oiinds that («) accurate 
knowledge of its atomic weight (derived from the combining 
Aveight value) is of importance in those theoretical considera¬ 
tions and speculations Avhich deal with the production of 
elements of lower atomic weight through the disintegration 
of the radio-actiA'e atoms of higher atomic Aveight by the 
splitting off of helium atoms; {h) the demands made on the 
technique of the experimenter are of a special nature oAving 
to the very small amount of material available. 


(1) General principle. 

The combining- Aveight of the element is obtained by the 
determination of the comi>osition of a compound, or of the 
ratio between the quantities participating in or resulting 
from the interaction of substances which, besides the element 
of unknoAvn combining Aveight, contain only elements of 
accurately knoAvn combining AA’cight. Thus 

-V : X + mA 

Comb. wt. Nitrogen : Comb. Avt. Nitrogen -i- Comb. Avt. Oxygen 

= a : b 

— AA't. Nitrogen : Avt. Nitric Oxide 

or more generally 


(A' -H mB -I- nC) : ( pM 4- qX) = a : b. 


(2) Classijication of the methods employed in the 
determination of combining iveights. 

(rO Determination of the composition of a compound by 
means of anal 3 ’sis or of synthesis ; if the compound is the oxide, 
the method becomes one of direct reference Avith its attendant 
adA’antages. 

In ijrcvioiis chapters accounts have been given of the 
methods folloAA'ed and the results obtained in the most accu¬ 
rate determination of the composition of AA'ater (pp. 199 et seq.\ 
hydrogen chloride (p. 201), silver chloride (p. 231), nitric oxide 
(p. 201), and nitrosyl chloride (p. 202), AA’hich among them giA^e 
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values for the combining weights (in terms of the oxygen 
unit) of hydrogen, chlorine (two independent values), silver 
and nitrogen (two independent values). To these may be 
added the following examples : 

(i) The determination of the combining weight of tel¬ 
lurium from tlie composition of the acidic oxide, to which 
because of its chemical analogies with sulphurous anhydride 
the formula TeO-. and the name dioxide is given. Both 
analysis and synthesis have been used, but the former has 
been the more common, the reduction of a known weight 
of the pure dioxide to the metal being eft’ected by heating in 
a current of hydrogen or of carbon monoxide or by precipi¬ 
tation with hydrazine hydrate. 

In one such experiment 2'0968H grams of the dioxide 
yielded 2‘395H5 grams of metal, which, with O = 8'()0, gives 
31*80 as the combining weight of tellurium in this compound. 
If the atomic weight of oxygen is taken as 10 and the formula 
TeOi assumed for telluric oxide S then 

TeO 2 : Te = wt. of dioxide : wt. of metal = « : &, 

Te + 3*2 : Te = 2*00088 : 2*3958.5, 

.*. Te= 127*56. 

(ii) The determination of the combining weight of tel¬ 

lurium from the comi)osition of the bromide, which was 
produced by the direct combination of a weighed amount 
of the metal with bromine at about in an atmosphere 

free from ox 3 'gen, the excess of bromine being subseciuentl^' 
expelled b}* a current of oxygen. 

0*80.348 gram of the metal yielded 2*81715 grams of the 
tetra-bromide, which with Br = 70*00 as the antecedent datum 
for the combining weight of bromine gives 

Te : TeBrj = wt. of metal : wt. of bromide = « : b, 

Tc : Te + (4x70*0G)= 0*80348 : 2*81715, 

Te = 127-62. 

• In all the exaniple^j *juoted the experimental data are taken frojii the original 
memoirs, in >Yhicli the factors n, wi, p and q (p. 314) are supposed known and 
tlie formulae for the compounds produced are assumed. Hence in each case 
the antecedent data and the result.s obtained are atomic weiylits. 
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(6) Detenuination of the equivalency ratio between two 
elements. 

The simultaneous deposition by electrolysis of tellurium 
and of silver. 

The weights of silver and of tellurium throMm down from 
solutions of the two substances in different receptacles by 
the same current were 1*041101 grams and 0*307117 gram re¬ 
spectively, which with Ag= 107*93 as the combining weight 
for silver’ gave 

4 Ag :Te=Silverprecipitated; telluriuinprecipitated=:a:6, 

4xl07’93:Te= 1*041101 : 0*307117, 

Te=lJ27*35. 

(c) Detei-mination of the composition of salts in terms of 
tlie component acidic oxide and basic oxide. 

This has been effected by; either the decomposition of the 
salt by heat, when the acidic oxide is expelled and the 
non-volatile basic oxide remains behind, e.g, the heating of 
calcium carbonate or of galliiimi-anmioniuin sulphate, a sub¬ 
stance isomoi’idioiis with iron-ammonium alum ; or a double 
decomposition by means of an acid which under the conditions 
is non-volatile and expels the more volatile acidic oxide, e.g. 
treatment of calcium carbonate at the ordinary temperature 
with hydrochloric acid when carbonic anhydride is driven off, 
or fusion of potassium nitrate M’ith silicic anh^'dride (fine 
sand) when nitric anhydride is expelled. In either case the 
quantities measured are the weight of salt taken and the 
loss of weight of the system in which the reaction was made 
to occur. The knowledge of the antecedent data required 
includes that of the ratio between the amounts of oxygen 
contained in the acidic and the basic oxide. 

(i) Determination of the combining weight of tellurium 
from the ratio between the weight of dioxide and that of the 
nitrate ot formula 2 Te 02 . IINOa from which it is obtained by 
ignition. 

In one such experiment 2*23215 grams of the nitrate 
yielded 1*90578 grams of dioxide, 

TcoHXOr : 2 Te 0 . 2 = wt. of nitrate : wt. of oxide = a : hy 

» With H = l, Ag = l07 07. and Te = 126-34. 
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which on substituting the antecedent data H —1*008, N= 14*01 
in the equation 

2 Te +1*008+ 14*01 + 112 2*28215 

2Te+48 “ 1*90578 

gives Te= 127‘47- 

(ii) Determination of the combining w’eight of nitrogen 
from the ratio between the weight of potassium nitrate taken 
and the nitric anhydride contained in it, this latter being 
measured by the loss of weight produced by igniting a known 
weight of the nitrate with excess of pure silica. In three ex¬ 
periments a total of 7*51100 grams of potassium nitrate was 
found to lose 4*01209 grams of nitric anhydride when changed 
into silicate. 

2 KNO 3 : = wt. of nitrate: wt. of nitric anhydride = a: h, 

which on substituting the value of the antecedent datum 
K = 39*10 in the equation 

78*20+ 2 N +96 _ 7*51196 
2N + 80 “4*01209 

gives N = 13*99. 

{d) Change of a compound into another by the substitu¬ 
tion of one radicle for another, when besides elements of 
known combining w’eight one or both of the compounds 
weighed contains the element of unknown combining weight, 
thus : 

X^B+C: X + B + D = a -.b, 
or X ^ B C : E +B + D = a : h, 

e.g. the change of barium nitrate to barium sulphate, when 
X= barium, or the change of silver iodide to silver chloride, 
wlien X = iodine. 

We may take as a detailed example the determination of 
the combining weight of nitrogen from the ratio potassium 
(or sodium) chloride : potassium (or sodium) nitrate, the com¬ 
plete replacement ot the one acid by the other being achieved 
by repeated evaporation to dryness with excess of^nitric acid*. 
The equation is 

K[Na]Cl : K[Xa]N 03 = wt. of chloride : wt. of nitrate = a : h. 

* Recall the experiment p. 238, Exp. XXX) when the reverse process 

was accomplished, potassium nitrate having been changed into the chloride. 
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The data obtained for the ratios measured, and the values 
calculated from them on the basis of the antecedent data 
K = 39T0, Na = 23*01 and Cl = 35*46 are 

Wt. of Chloride Wt. of Nitrate 

a b 

(i) Potassium 50‘7165 grams 68-7938 grams 

(ii) Sodium 47*9226 „ 69-7075 ,, 

Atomic wt. of Nitrogen = K[Na] Cl. — - (K[Na] + 30) 

(i) (35-46 + 39-10)-(39-10 + 48) = 14-037 


(ii) 


69-7075 


(35-46 + 23-01) - (-23-01+ 48) = 14*040 


47 -9226 

Strictly speaking, the general method just stated and 
illustrated includes the determination of the ratio between 
the weight of a halide (chloride or bromide) of the element 
of unknown combining weight and the weight of silver halide 
obtained from it, but the great importance of this latter 
method justifies its being dealt with separately. 

{e) Determination of the ratio between the weigiit of 
a halide of the element of unknown combining weight and 
either the weight of silver required to precipitate all the 
halogen or the weight of the corresponding silver halide 
obtained from it. 


A'+ClCBr] : Ag = wt. of halide taken : wt. of silver 

required for 
precipitation = cr ; 

Ar + Cl[Br] ; Ag + CI[Br] = wt. of halide 

taken ; >vt. of silver 

halide obtained=a : b. 

Great as is the accuracy which can be attained in the 
measurement of the ratio a : h, this is e(iualled if not sur¬ 
passed by that attaching to the standard values of the ante¬ 
cedent data involved, viz. the combining weights of silver and 
clilorine (bromine). Stas first, and recently T. W. Richards 
and his school, have elaborated the method by studying the 
conditions 4 Lnd devising ingenious ap23aratus suitable for the 
prei>aration of pure sijecimens of the various halides^ and of 

^ The problem to be solved consisted in the devising of a method for getting 
the halides di'y, and removing the water witl^out the occurrence of hydrolysis. 
An account of how this lias been accomplished may be found in the Proceedings 
of the American Academy, 32, 59 (1896). 
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silver, as well as for the collection of all the precipitated 
silver halide and the estimation of the amount remaining in 
solution*. 

(i) Determination of the combining weight of nitrogen 
from the weight of silver which when in solution is required 
for the precipitation of all the chlorine (or bromine) present 
in a known weight of ammonium chloride (or bromide). 

The data obtained for the ratios measured and the values 
calculated from them on the basis of the antecedent data 
Ag = 107*88, Cl = 35-46, Br = 79*92 and H = 1*008 are : 

NH 4 Cl[Br] : A.g = Wt. of ammonium : Wt. of silver 

halide taken required 

a h 

(i) Chloride 4*78257 grams 9*64484 grams 

{ii) Bromide 4*84099 ,, 5*33177 ,, 

Atomic wt. of Nitrogen =^Ag - (Cl[Br] + 4H) 

X 107-88j - {35-46 + 4) = 14-036 

(ii) =. 107-88) - (79-92 + 4) =: 14 *010 

(ii) Determination of the combining weight of tellurium 
from the ratio between the weight of the double salt tellurium- 
potassium bromide, and the weight of silver bromide obtained 
from this. The data obtained and the calculation involved 
are given below ; the antecedent data used arc Ag = 107*88, 
Br = 79*92 and K = 39*10. 

KoTeBro : GAgBr = Wt. of double : Wt. of silver = a : 6 

bromide bromide 

(total of 5 exps.) 

16‘299 grams 26*796 grams 

Atomic wt. of Tellurium = ^ . 6AgBr — (2K + GBr) — x 1126-8^ - 557*72 

= 137*67 

(iii) Determination of the combining weight of radium 
from the ratio between the weight of the carefully iiurified 
chloride and that of the silver chloride obtained from it. 
The antecedent data used are Ag = 107*88 and 01 = 35*46. 

^ A description of the nephelometer (cloud measurer), the instrument used 
for estimating the amount of silver chloride (or bromide) iu solution, is given by 
Kichards in the American Chemical Journal, 31, 235 (1904), aud 36, 510 (1906). 
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RaCU : 2Ag01 = a : 6 

Observer 

Mme. Curie (total of 3 exps.) 1‘2005 l*lo78 

Thorpe (total of 3 exps.) ’2050 *1975 

Houigschmid (total of 6 exps.) 6*06756 5*85933 

Atomic wt. of Badium = ^ . 2AgCl - 2Cl = 

226*35 

2*26*58 

225*95 

3. The fundamental ratios. 

In tlic cictennination of atomic' weights, a small number of values are 
to be regarded as fimdamciital. They are the standards of reference ; and 
by comparison with them all the other atomic w’eights arc established. 
Two of tlicse values, the atomic weights of hydrogen and oxygen, are 
primary; that is, one or tlic other of them is the basis of the entire system; 
hydrogen as unity in the older aiTan^ements; oxygen equal to sixteen in 
the more modern scheme....Comparatively few of the atomic weights, how¬ 
ever, are fixed by direct comparison with...oxygen. In most ca.scs other 
values intervene, and especially the atomic ivcights of silver, chlorine, 
bromine,...potassium. These constants are fii*st to be determined, and 
their establishment may be compared to a primary triangulation, of which 
the hvdrogen-oxygen ratio is the base line. (Clarke, The Constants oj 
JVatnre. Recalculation of the Atomic fVeif/hts, 1910.) 

The atomic weights of silver, chlorine and bromine enter into the 
calculation of nearly all other atomic weights, and form so W speak the 
I)latform upon ivhicli the entire stnicturc stands. {Report of the Inter- 
notiouul Committee on Atomic 1905.) 

Considering that these fundamental data have been used 
in a number of the examples given in the preceding section, 
it must seem as if a serious mistake had been made and the 
logical order of treatment reversed; but against the undeniable 
and obvious weakness of a course in which, whilst the mode 
of determination of certain combining weights is described, 
others—for no apparent reason—are assumed as knoum 
already, there is to be set a great advantage, viz. that a 
clearer insight into the nature of the work involved can be 
gained by the consideration of one separate determination 
than by that of a number of correlated ones, such as are often 
resorted to in tlie determination of the fundamental ratios. 
After this attempt to placate outraged logic, let us retrace 
our steps and examine the foundations of the building which 
we have entered from a higher floor. 

1 Here the term ‘atomic weight’ is used when realij’ the actual experimental 
work (see above) is strictly confined to the determination of the combining 

weight. 
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(rt) Tlie classical researches of Stas, which were carried 
out about half a century ago, did not comprise the deter¬ 
mination of the ratio hydrogen ; ox 3 ’gen in water, for which 
Dumas’ value 1: 8*00, then recently determined, was accepted. 
Since direct reference to the standard oxygen was a sine qua 
non, the substances employed had to include at least one 
compound containing oxygen and in the determination of the 
values for silver and the halogens Stas—as other investigators 
had done before him—used chlorates (or bromates or iodates). 
These are ternary compounds which can be easily deprived of 
the oxygen contained in them, the binary chloride being left; 
the composition of these halide compounds can be ascertained 
either b^^ direct synthesis in the case of the silver compounds, 
or indirectly by change into the silver halide, the composition 

oi which is determined as above, in the case of most other 
halides. 

In pursuance of the general principle concerning the choice 
of chemically a<lequate formulae, it has been found that the 
following are the simplest formulae which can be chosen to 
represent the chemical relationshii>s and tlie reactions of the 
chlorides and of the chlorates and perchlorates, salts which 
for the same amount of other elements contain tpiantities of 
oxygen in the ratio of 3 : 4 (anfe, p. 94): 


KCIO;, 

Potass. 

chlorate 


KCIO^ 

Potass. 

perchlorate 


KCl 

Potass. 

chloride 


HCl 

Hydrogen 

chloride 


AgCl 

Silver 

chloride 


AgClOj 

Silver 

chlorate 


The same stoichiometrical relations might however be 
represented by other formulae such as 

KCIO K.iJhO, KCl IlCl,, etc., 

or KA'h 

in which the atomic weights taken for potassium and chlorine, 


VIZ. 


K = 


39-1 


Cl = 


35*40 


are sub-multiples of tliose usually employed, but these 
formulae would not only be less simple but also less ade¬ 
quate. For example, IlCl, for hydrogen chloride would 


r. c. 


22 
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lead to the expectation of other halide conii>ounds of hydrogen 
in which some of the chlorine had been replaced by bromine 
or iodine; K 3 CI 3 for potass, chloride is complicated and would 
make the mechanism of change from chlorate to chloride com¬ 
plicated also, whilst the alternative, the simpler KCl, would 
veil the relationship between that salt and the hydrogen 
chloride HCb from which it can be derived by the simple 
process of hydrogen substitution. 

The object aimed at here, which is not comprehensive 
treatment but merely elucidation of the principle involved 
by means of adequate illustration, will be attained by giving 
the data obtained by Stas in one series of experiments 
which led to the establishment of some of the fundamental 
ratios, viz. the determination of silver and chlorine directly 
referred to oxygen by (i) the analysis of silver chlorate and 
(ii) the synthesis of silver chloride. The results were: 

(i) Wt. of silver chlorate used Wt. of residual chloride 

« ^ 

1st exp. 13S-78aO grams 103-9795 grams 

2ua exp. 25<>-j‘287 ,, 194-4455 ,, 

Wt. of silver-I-chlorine combined 
iu the chlorate with 3 x 16 oxygen 

= . 3 X 16. 

a~h 


(ii) Wt. of silver 

c 

1st exp. 91*462 
2nd exp. 101*510 


Wt. of silver chloride 
d 

121-4993 

134-861 


Wt. of silver in the amount of oliloride derived from 
the chlorate by the loss of 3 x 16 of oxygen 


d' a - b 


. 3 X 16. 


Thus we liave two equation-s representative of the relations 
of three elements of which one is the standard, which suiiplics 
us with sufficient data for calculating the atomic weights of 
the two elements silver and chlorine in terms of oxygen = 16: 


339 


Combining or Equivalent Weights 


Atomic weight of silver 


d' a —h 



X 


16 = 107*96. 


Atomic weight of chlorine = 


d—c 

-♦ 

c 


c b 
d' a — b 


.3 X 16 = 35*45. 


Another illustration is afforded by the series used for the 
determination of the three fundamental ratios Ag, Cl and K; 
compounds containing the four elements potassium, cJdorine, 
oxygen and silver were employed, and the necessary three 
equations were supplied by the measurement of the ratios 

potass, chlorate : ijotass. chloride — a :by 
potass, chloride : silver = c : f/, 

silver : silver chloride = e 

This series will be made the subject of a students’ illustrative 
experiment in the next section. 

(&) Recent redeterminations of the fundamental ratios. 
The bulk of the work has been done in America, and the 
contributions made from Harvard by T. W. Richards and his 
school supply a self-contained series. But whilst half a century 
ago one man, Stas, stood as the one authority on the subject, 
now the advance is made much more effective by co-operation ; 
the same measurement is made by different observers using 
different methods. Thus the number of data available has 
grown apace, and the concordance of the results constitutes, 
if not absolute certainty, at least very great probability of the 
absence of constant errors in the divei*se methods employed. 
The data available can be combined in a variety of ways. 
The following illustration in which the atomic weight of 
nitrogen is obtained indirectly relative to 0=16 is chosen 
because of its simplicity: 

(i) Oxygen : hydrogen from tlie composition of water—0= 16*000 


: O s H.^O = a 

: h : 

c 

Morlcy’s complete 33-2435 grams 
synthesis 

263*9387 grama 

297-1822 grama 

Noyes’ complete 21-32179 ,, 
synthesis 

169-24165 „ 

190-55240 


H = meau of the 3 values 
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(ii) Hydrogen: chlorine from the composition of hydrogen chloride— 

B=l*007e 

H : Cl : HCl= a : 6 : c 

Noyes’complete 6*41928 grams 225*86022 grams 232-27947 grams 

synthesis 

Edgar’s complete 9*9913 ,, 351*6321 „ 361*6174 ,, 

synthesis^ 

.*. Cl = mean of the 3 valnes 
H; Cl, H : HCl and Cl: HCl 

= 35*456. 

(iii) Silver : chlorine from the composition of silver chloride —01 = 36*46® 

Ag : AgCl = a : 6 Ag 

Richards’and Wells’ 82*66877 grams 109*83951 grams 107-80 
synthesis 

{iv) Silver ; nitrogen from the composition of silver nitrate—Ag= 107-80 

Ag : AgNOa = a \ h N 

Richards’ and Forbes’ 42-96172 grams 67*65615 grams 14-008 
synthesis, 1907 

Tlie agreement of this value for nitrogen determined 
indirectly with tliat deduced from the composition of nitric 
oxide is so close as to increase the confidence in the inter¬ 
mediate values. 

NO : O : N = a : b : c 

Gray’s complete 2-93057 grams 1-56229 grams 1*36819 grams 
analyses of 
nitric oxide 

N = mean of the 3 values NO : O, N : O, NO : N 

= 14-013. 

V. Students’ illustrative experiments- 

1. Utilisation for the purpose of combining weight measure¬ 
ments of data primarily obtained with a different ob¬ 
ject in view. 

(1) Some of the Fundamental Ratios. 

{a) The combining weight of liydrogen deduced from the 
composition of water. 

* Hydrogen obtained from weighed i>alladium hydride was bm-nt in a glass 
globe containing chlorine weighed in the liquid form. The hydrogen chloride 
formed was condensed in a steel bomb or by absorption in water and weighed. 
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(i) Direct determination, measurement of the ratio O: H 2 O 
by the gravimetric synthesis of water (Dumas’ method). 
Results obtained by students working m the author’s labora¬ 
tory showed tliat in ten experiments a total of 13’073 grams 
of oxygen—measured by the loss of weight of copper oxide 
heated in a suitable bulb in a stream of hydrogen—yielded 
14*668 grams of water—absorbed in a U-tube filled either 
with granulated calcium chloride or with pumice stone soaked 
in concentrated sulphuric acid. 

Oxygen : water = a:h— 13*073 : 14*668. 

The amount of hydrogen combining with 13*073 grams of 
oxygen is 14*668 - 13*073 = 1*595 grams. 

Therefore the amount of hydrogen combining with 8 grams 
of oxygen = gram. 

The value differs by more than 2“/^ from the standard one, 
but the experiment, though extremely simple in principle, is, 
in spite of the great attention it has received from teachers 
conducting laboratory courses, one which is likely to give erratic 
results in the hands of inexperienced students. These are 
due to :—(a) the difficulty of i)reventing the passage into the 
absorption bulb of water other than what has been formed by 
the combustion of the oxygen given up in the copper oxide 
bulb, which may however be overcome by thorough drying of 
the hydrogen used; {(3) the difficulty of ensuring the complete 
retention of the synthesised water, due to inefficiency of the 
absorption bulb. If the two errors happen to be com¬ 
mensurate in their magnitude, they will of course counteract 
one another, but as a matter of fact in a students’ experiment 
one or the other is apt to become very much the larger, 
producing a corresponding raising or lowering of the final 
result. ^loreover, even if the error should not be very 
great, say a loss of 2 mgs. of water in a total of 1 gram formed, 
i.e. 0*2 of water, the whole of this will throw itself on to the 
hydrogen, of which the relative amount present in the water 
collected is very small; in this special case it will be 2 mgs. in 
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1000 

mgs,, 


or nearly 2 


Put quite generally, this means 


that the percentage eiTor in the combining weight of hydrogen 
will be nine times as great as that made in the measurement 
of the'water. 

(ii) Indirect determination from the volume ratio in 
which oxygen and hydrogen combine {antCy p. 245) and the 
densities of the two constituent gases. From results obtained 
by students in the author’s laboratory^ we get; 


Volume ratio Oxygen : Hydrogen —a : 6 = 1 : 2*00 

Density Hydrogen = D^ =0*0882 grams per litre 

Density Oxygen = Do =1‘435 ,, „ 


. , *0882x2x8 

Combining weight of hydrogen =-“ *984. 


(b) The combining Aveights of (i) silver, (ii) chlorine, (iii) 
potassium from a series of connected measurements comprising 
the three ratios : 


Potass, chlorate ; potass, chloride = KC 103 : KCl — a : b (see p. 94). 

Potass. cl)loride : silver ssKCI : Ar =c : d ^see p. 241). 

Silver : silver chloride =Ag : AgCl = e : J (see pp. 97 H seq»). 


The following are the calculations for obtaining the required 
atomic weights Ag, Cl and K, Avhen for reasons of chemical 
adequacy the formulae assigned to the compounds investigated 
are KCIO 3 , KCl and AgCI {antey p. 337) : 

K + C1 = 3 X 16.^^, 

, 4Bb d 


Cl = 

K = KC1-C1 = 


486 d /— e 
a — h'c' e ' 

486 

a — b\ c.e / 


• The density of hydrogen was obtained by finding the loss in weight when 
a known weight of aluminium was treated with potash, the hydrogen being 
allowed to escape, precautions being taken to prevent escape of water, etc. 

The density of oxygen was obtained by finding 

(rt) the loss in weight | when a known weight of potassium 

(6) the volume of gas given off ( chlorate was heated. 


Specimen results. 
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(2) Ratios in which the reference is either (a) direct to the 
standard or ip) indirect through one or other of the 
fundamental ratios found above under (1). 

In the calculations involved, the values used for the ante¬ 
cedent data will be the standard and not those obtained 
in the illustrative experiments and quoted in (1). Provided 
tliat the illustrative experiment has led to a clear realisation 
on the part of the students of the method used in the deter¬ 
mination of these antecedent data, there would seem to be no 
point in handicapping the following experiments, which in a 
sense are quite distinct, by the use of values almost certain 
to carry large experimental errors. After all, this is but what 
is done in the larger number of researches in this domain. 
Of the many chemists who are continually adding to our 
knowledge of the fundamental ratios, which are the combining 
ratios of the elements, the majority work by methods which 
presume a knowledge of the fundamental ratios Ag, Cl, Br, 
H, N, ... and the}" use the accepted standard values in the 
establishmeiit of which they may have had no part whatever, 
I)rovided they consider them to be accurate to a degree at 
least as great as their own measurements. 

(n) Determination of the combining weights of mag¬ 
nesium, zinc, tin and aluminium from : (i) the oxygen 
combining poAver; (ii) the hydrogen substituting poAver {antCy 
Exp. XLV, p. 303). 

(i) The composition of the oxides, ascertained by syn¬ 
thesis, AA'lien the reference to the standard oxygen is direct. 

Tlie method of finding the combining Aveight of metals by 
the synthesis of the oxide through the nitrate is one much 
di'aAvn upon for students’ illustrative experiments. Copper, 
lead and iron may be used in addition to or instead of the 
metals selected here ; the cojiditions to be considered in 
deciding A\hether the combining AA’cight of a metal can be 
determined by this method arc : (a) Wiether the metal can 
be piocured in a state of purity ; (/?) AA’hether the nitrate 
can be decomposed completely AA'ithin the range of tempera¬ 
ture it is possible to produce by the apjAaratus available in 
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an ordinary laboratory ; ( 7 ) whether the oxide is stable and 
non-volatile at the temperature at which it is formed from 
the nitrate. The popularity which the method enjoyed at one 
time in research work has diminished since it has been shown 
by T. W. Richards that oxides prepared by the ignition of 
nitrates retain with great persistence small quantities of 
oxides of nitrog’en. In the case of students’ work, this error 
inherent in the method is not likely to exceed the experi¬ 
mental error due to impurities in the material and the 
mechanical loss through spurting incurred in the preparation 
of the oxide. 

It deserves mention at this stage that the determination 
of the combining weight of carbon b^' the synthesis of carbon 
dioxide can easily be made into a good students’ experiment; 
the combination with ox 3 'gen is accomplished by burning a 


Apparatus for determination of combining weight of carbon 



A. Bvilbed tube co»aainiiig cavbon weighed before and after tiie experiment. 

B. Vessel containing strong potash solution (1:1) for absorption of CO.^ formed. 

C. Side tube containing solid caustic potash, and a plug of glass wool. It is 
connected with a filter pump by means of an iiidiarubber cork and glass tube. 

D. Inlet for oxygen or dry air freed from CO._.. 

E. Pent roof of asbestos. 

known weight of carbon with oxygen and copper oxide and 
absorbing the volatile product carbon dioxide in potash. If 
a combustion furnace is not available, quite good results may 
be obtained by using a bulbed tube of hard glass and two 
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good Bunsen burners, a kind of pent roof made from thin 
asbestos board helping towards the production of a sufficiently 
high temperature (see fig. 65). The experimental method is 
in principle identical M'ith that employed in the estimation of 
the carbon contained in an organic compound (Clowes and 
Coleman, Quantitative Analysis^ 10 th ed., 1914, pp. 403 etseq.; 
Perkin and Kipping, Organic Chemistry, 1911, pp. 19 et seq.). 
There is of course a reversal of the known and the unknown 
quantities in the equation ; in the organic analysis the un¬ 
known amount of carbon burnt is deduced from the weight 
of carbon dioxide formed, the composition of which latter is 
assumed as known ; in the determination of the combining 
weiglit of carbon, the composition of the oxide termed carbon 
dioxide is ascertained by finding the weight of it produced 
by tlie burning of a known \yeight of carbon as pure as it is 
possible to procure. 

(ii) The equivalency factor between metal and hydrogen, 
measured by the volume of hydrogen expelled by a known 
>veight of metal acting on e.xcess of acid (in the case of 
aluminium, soda or potash may be used instead), the density 
and tlie combining weight of hydrogen being required as 
antecedent data (see Exp. XLV, p. 303). 

This inetljod is ai)plicable in the case of such metals as are 
obtainable in a sufficiently pure state, which evolve h^’drogeii 
from acids at a temperature not too liigh, and without the 
occurrence of secondary reactions : conditions which exclude 
copper, mercury, silver aiid lead. Now that calcium in a pure 
form has been put on the market, variety may be introduced 
and knowledge of descriptive chemistiy furthered by using 
this metal for such a combining weight determination. The 
acids generally used are hydrochloric and sulphuric ; nitric 
acid, which yields instead of hydrogen red fumes of NO*, 
colourless NO or N 2 O or even nitrogen—reduction products 
of the acid—is of course excluded. On the other hand, water 
may in certain cases be substituted for acids, and it is said 
that water diluted by alcohol lends itself well to an interesting 
experiment for the determination of tlie combining weight of 
sodium, the metal being weighed with suitable precautions 
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against oxidation by the air, and the hydrogen evolved by its 

action on the diluted water being measured in the usual 
way. 

The results of (i) and (ii) are embodied in the table on 
p. 347. 

{h) Determination of combining weight of iodine from 
the synthesis of silver iodide. With Ag= 107*9, on substituting 
the values found {ante, p. 217) in the equation we get; 

Ag ; I : Agl = a\h\c = *1726 : *2027 ; *3754 
I from Ag: I =126*75 

,, Ag : Agl = 126*60 

Pi"ovision, of additional data for the purpose of combining 
weight measurements, by means of experiments done 
with this definite object. 

(1) The fundamental ratio chlorine : silver, 

(a) From a combination of the two ratios 

(i) NaCl (or any other pure dry chloride) ; Ag —a\h, 

(ii) NaCl „ „ :AgCI = a^&', 

the value for Ag hetng supposed hnou'n. What this amounts 
to is an indirect way of measuring the ratio Ag: AgCI, the 
determination of which by the quantitative synthesis of silver 
chloride has formed the subject of a previous experiment 
{ante, pp. 235 et seg.). 

The principle and the technique of the measurement of 
these ratios have been dealt with full}' on previous occasions 
{ante, pp. 241 et sc<j.), and practically nothing need be a<lded. 
But in all work of this kind the trustworthiness of the result 
obtained depends, not oidy on accuracy in the measurement of 
the combining ratio, but also on the purity of the materials 
used, viz. the chloride investigated and the silver used in the 
precipitation. Stas devoted much labour to the production of 
wliat for a long tinie was considered silver as pure as it could 
be got; but in science—and that is what constitutes one of its 
greatest attractions—the achievement of one period con- 
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stitutes but the starting-point for another, and T. W. Richards 
showed that Stas’ silver was contaminated M'ith occluded 
oxygen, and that the glass vessels in which the precipitation, 
evaporation and fusion were carried out and which were sup¬ 
posed to have remained unaltered in w’eight, had really been 
very appreciabl}^ attacked by the strong acids used, a source 
of error which can be avoided by the use of quartz or porcelain 
vessels. The metal that is sold under the name of ‘ foil for 
assay ’ is of a purity' quite sufficient for the average student, 
who moreover is not very likely to be able to afford the time 
required for repeating in an illustrative experiment the 
various processes involved in the preparation of ‘pure’silver. 
An account of Richards’ method is given in Roscoc and 
Schorlemmer, Treatise on Chcinistry, vol. ii, Metals, p. 4.>0. 

As regards the production in the pure dry state of the 
chloride investigated, two things are involved, viz. (a) separa¬ 
tion from other salts— e.(j. chlorides of other metals, sulphates, 
nitrates—which is accomplished by repeated systematised 
recrystallisations, and {(3) the complete removal of the solvent 
water. Mention has been made already {antCy footnote p. 331) 
of the difficulty of coiu])lete drying without the occurrence of 
hydrolysis, i.e. of a double decomposition in which volatile 
hydrogen chloride is formed b}' the combination of part of the 
hydrogen of the water with the chlorine, the place of the 
chlorine being taken by the oxygen and part of the hydrogen 
of the water, thus: 


XCh + ^11. on X(()ll), + 2IIC1. 

This tendenc 3 ' to h^’drolysis is possessed by tlie different 
metallic chlorides in varving degrees. Whilst the chlorides of 
the moststrongly electropositive metals, so<lium and potassium 
(and the other metals of the alkali group), yield on evaporation 
of the solutions of their chlorides substances neutral to litmus, 
calcium chloride is decomposed to a small degree, magnesium 
chloride b^* repeated evaporation yields all its cldorine as 
volatile h^alrogen chloride, and bismuth (or antinioin^ or 
stannous) chloride cannot even be dissolved in cold water 
without a considerable amount of decomposition occurring, 
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which shows itself in the formation of the insoluble oxy¬ 
chloride (analytical test for bismuth or antimony, Clowes and 
Coleman, Quantitative AnalysiSy 8th ed., pp. 368, 369). The 
reaction is a reversible one subject to the law of mass action, 
i.e. the greater the relative amount of water, the more decom¬ 
position of the chloride, and vice versa. The principle of the 
method used to produce a chloride quite free from water 
follows as a direct consequence of this, and consists in 
heating the chloride in a stream of pure dry hydrogen 
chloride to remove any water, the excess of the acid being 
swept out subsequently by heating in a stream of pure dry 
nitrogen, a gas quite inert under these conditions. 

(i) The experimental procedure is identical with that 
described previously for the determination of the ratio potass, 
chloride : silver {ante, p. 241), and used again in the deter¬ 
mination of the equivalency ratio between solutions prepared 
from a known ^veiglit of iodine and of silver respectively 
{ante, p. 217). Nothing requires to be added to what has 
already been said on the subject, and it is only the importance 
of the method that justifies the introduction of an experiment 
which, but for the interchange of what is assumed as known 
and what it is required to find, amounts to a repetition. 

(ii) The technique of the work required in collecting for 
weighing in a Gooch crucible the silver chloride precipitated 
from a solution by the addition of excess of silver nitrate, is 
the same as in Exps. XXVI and XXXI. 

The combined results give an independent value for the 
combining weight of chlorine in terms of silver thus: 

If a grams of sodium chloride are required for the pre¬ 
cipitation of h grams of silver, and if a grams of sodium 
chloride yield on precipitation ?/ grams of silver chloride, 
then the combining weight of chlorine, with Ag=107'9 as 

antecedent datum, 

= (^-l). 107-9. 


a 
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Record of results. 

Specimen note-book entry. 

(i) The determination of the ratio (Na -f Cl) : Ag = a\ hy 
with tlie antecedent datum Ag = 107*9. 


tVt. of dry sodium chloride taken .=a 

Wt, of silver foil dissolved in nitric acid .= 6' 

Determination of the excess of silver added ... = c 

Wt. of silver foil dissolved .= 

Vol. to which the solution of m grams of 

silver is made up .s=K 

Vol. of thiocyanate solution required for 
the precipitation of 25 c.c. of the above 

silver solution. 

Silver precipitated by 1 c.c. of thiocyanate 
, 25 m 

^ P ^ 

Vol. of thiocyanate solution required to pre¬ 
cipitate the excess of silver in the solution 
above the precipitate produced by the 
interaction between a grams of sodium 
chloride and 0' grams of silver. 

Excess of silver present .= g.—.^ = c 

Silver used in the precipitation of a grams 

of chloride . ~h’ - c — b 

Chloriderequiringforprecipitation 107*9 grams 

of silver .= rx 107*9 

b 


2*328 gms. 
4*471 


II 

2-321 gms. 
4-44G 


11 


1-083 gms. 
1000 c.c. 


f 5*15 c.c. 
5-10 
[5*10 „ J 


. 5-10 


0*0053 gm. 


32*1 c.c. 
0*170 gm. 

4*301 gms. 

58*39 „ 


29*9 c.c. 
0*158 gm. 

4'288 gms. 

58-42 „ 


(ii) Determination of the ratio NaCl : AgCl = a : 6', 
using the same antecedent data as under (i). 


Gooch crucible + asbestos (i) . 

„ „ (ii) . 

M „ (Hi) . 

Gooch crucible -i- asbestos + silver chloride (i) 
♦ » >» i( (ii) 



I 

11 

= a' 

0*2143 gms. , 

0-5630 gms. 


9*6100 ,, 

100240 „ 


1 9*6098 „ 

10 0235 ,, 

= m 

9*6098 „ 

10-0235 „ 


10*1355 „ 

11-4045 


10 1355 ,, 

11*4045 ,, 

= 5' 

0-5257 

1*3810 „ 


Combining weight of chlorine deduced from the two ratios 
^ and with the antecedent datum Ag= 10/9 

(ii) 3o'36. 
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From either (i) or (ii) the combining weight of sodium 
can be obtained thus: 

From (i) combining weight of sodium 

= X 107’9^ - 35-37 23*02 23*05 

From (ii) combining weight of sodium 

/ , 107-9 + 35*37\ 

= fa'x --j-35-37 23*03 23*05 

(b) From the ratio HCl; AgCl = a :b, the values for H and 
Ag being supposed known. 

Fundamental ratios are ascertained either by a series of 
connected measurements in which 7i equations are used to 
represent in terms of the combining weights of the constituents 
the composition of substances containing w +1 elements of 
which the standard oxygen is one {antCy p. 338), or by a series 
built up of successive steps, each of which, utilising the value 
or values found previously, adds knowledge of another one. 
Of course the order of sequence in the series is a more or less 
arbitrary matter, and one allowing of variety. Thus any of 
the following would be possible and legitimate: 

A. (i) H from O: H ; (ii) Cl from H: Cl; 

(iii) Ag from Ag: AgCI 

or XCl: Ag and XCl: AgCl. 

J3. (i) HfromO:H; (ii) Ag from KC 103 ;KC 1 and KCl; Ag; 

(iii) Cl from HCl:AgCl. 

a (i) Ag from KCl O,: KCl and KCI: Ag; 

(ii) Cl from Ag: AgCl; (iii) H from HCl: AgCl. 

4 

A priori there is nothing to indicate a superiority of any 
one of these schemes over any other, but on applying the 
usual criteria of efficiency it becomes obvious at once that 
the steps on wliicli the others rest must be the most secure, 
and hence that the sequence should be as far as possible in 
order of decreasing accuracy: the most accurate value should 
come first, then the second best, and so on. This is the prin¬ 
ciple followed in the final combinations of the large number 
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of data which many decades of continuous research work have 
brought together in this province of chemistry. Applying 
this principle to the deduction of a combining weight value 
from the ratio hydrogen chloride : silver chloride which forms 
the subject of the illustrative exi)eriment about to be described, 
we are dealing with a case in which we have one equation con¬ 
necting three elements, and hence must assume two combining 
weights as kno^ni in order to deduce a value for the third. 
Which shall be this third in our case? It has been shown 
{ante, pp. 340,342) how the students’ experiments dealt with in 
other connections incidentally supply values for H, Ag and Cl; 
hence the present experiment is an example of an alternative 
method, and we are at full liberty to use it as we like, i.e. to 
fit it into any series we think best of those given above. C is 
chosen in preference to B, because whatever experimental 
error attaches to the value of II Cl throws itself completely 
either on chlorine or on hydrogen, according to whichever is 
supposed unknown, and H being only about 1/35 of Cl, the 
proportionate effect ^^ill be 35 times as great. 


Experiment XLIX. 

The determination of the ratio hydrogen chloride : silver 
chloride. 

The weight of the hydrogen chloride used is given by the inereuse in 
weight of an absorption bulb contaiiiiug water into whicli the carefully 
dried gas is led (see fig. OU); great care being required to prevent any 
loss of weight due to evaporation of tlie water, the absorption bulb must be 
fitted with a chloride of calcium tube, the current of gas must be very slow 
and the absorption vessel must he kept eooP, For the same reason it is 
<le.sirable not to connect the absorption bulb to the source of the gas until 
all the air luis been driven i>ut of the generating and «lrying vessels, siiiee 
the bubbling through the water of a consi«lerable volume of air which would 
enter C presumably quite <lry ami wouhl emerge from it saturated with 
moisture would ta.v too severely—and quite unnecessarily—the powers t)f 
the drying tube attached to C. The insertion between B' mi<l <' «)f a three- 
way stop-cock leading to a separate huge absorption vcs.scl, an arrangement 
depicted and described on p. 42 and again on p. 2:17, would make this a 
very sinqile matter. When the amount of hydrogen chK)ritle absorbed is 
cimsidered sufficient (a current of gas passing at the rate of 20 to 30 

‘ Tlic heat produced by the solution of hydrogen chloride in water is very 
considerable* 


F. C. 


23 
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Fig. 66. 
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A. Round-bottomed flask of about 500 c.c. capacity, the lower half of 
which is filled with lumps of rock salt, on to which concentrated 
sulphuric acid is dropped from a funnel supplied with a tap. 

6, B'. Gas wash-bottles containing concentrated sulphuric acid. 

C. Weighed absorption bulb containing water, to which is attached the 
drying tube.D filled with soda lime. 

E, E'. Stoppers for closing C, D when detached for weighing. 

F. Soda lime tube to protect D from outside moisture. 

G. Bath of cold water. 

bubbles per minute and maintained for 10 to 15 minutes will do, the quan¬ 
tities used in the specimen experiments given in the table being unnecessarily 
large), the solution is carefully transferred to a beaker, the bulb being 
washed out several times with s\iecessivc small volume.s of distilled water. 
The chlorine is then ])recipitatcd in the usual uiaimer by the addition of 
excess of silver nitrate, and the silver chloride weighed in a Gooch crucible. 


Record of results. 


Specimen of note-book entry. 

The determination of the ratio hydrogen chloride : silver 
chloride — p : 7 , and the utilisation of this value for the cal¬ 
culation of a value for the combining weight of chlorine, 
Ag — 107 ‘9 and H = 1*01 being used as antecedent data. 


The weight of the hydrogen 
chloride used 

A 

Wt. of absorption bulb + watex- 


4 - drying tube.=p' 

Wt. of above after absorption of 

the hydrogen chloride . —p" 

.*. Wt. of hydrogen chloride 


=/j”-p'=p 


The weight of the silver chloride 

produced 

Wt. of Gooch crucible-f-asbestosss//' 
Wt. of above-f-silver chloride : (i) 

(ii) 

(iii) 

Wt. of silver chloride = - ^' = </ 

The combining weight of chlorine 
calculated from the formula 
HCl : AgCl =p 
(I’Ol-f-Cl) : (107-9 

107-9 . p-1-01. q 


7 

7 


I 

II 

66-61C gms. 

05*308 gms. 

68-404 „ 

06-323 ,, 

1-788 

1 

1-015 „ 

14-319.5 ,, 

14-3265 ,, 

21-3687 

18-3300 „ 

21-3677 „ 

18-3245 


18-3245 „ 

7 0482 

3-9980 ,, 

35-35 

1 

35-35 


III 


57- 329 gms. 

58- 440 


1-117 




13-8.548 „ 

18-2380 

18-2385 


4-3837 


> t 


q-p 


35-49 
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(2) The analgsis of salts containing a volatile acidic oxide 
which can be expelled either by the action of heat or 
by double decomposition with another acid, which 
itnder the conditions of the experiment is itself non¬ 
volatile (application of general method described 
ante, p. 332). 

We may use this method either to find the combining 
weight of the metal contained in the basic oxide, in which 
case we require as an antecedent datum that of the non-metal 
contained in the acidic oxide, or vice versa, but in both cases 
we need to know the ratio of the number of combining 
weights of oxygen contained in the basic and the acidic oxide 
respectively, a value which for the same acid is a constant. 
Berzelius’ work on the oxide, the sulphide and the sulphate 
of lead {ante, p. 293) serves as an example of the manner in 
which he was able to show that for sulphates the ratio is 1:3; 
for carbonates it has been found to be 1 : 2, for niti’ates 1 : 5. 

Experiment L. 

To find the combining weight of calcixim from the deter¬ 
mination of the ratio calcium carbonate : carbonic 
acid anhydride. 

(CJiiO -f* CO 2 ) '■ CO 2 — (I ’• h 

with <J = 12 00 as antecedent datum. 

Pure ‘ precipitated ’ calcium carbonate* spread in a thin layer on a watch- 
glass is carefully dried by several hours’ heating in an air bath kept at about 
250“ C. A known weight of the salt is treated in a suitable aiipai*atus 
with dilute hydrochloric acid (see fig. 67); the carbon dioxide liberated is 
allowed to escape, after having been deprived of tlie nioisUire carried by it 
by passage through a calcium cliloride tube; the loss in weight of the whole 
apparatus supplies the measure for the amount of carbonic anhydride con¬ 
tained in the amount of carbonate taken. This is the method commonly 
used in gravimetric analysis fi»r the estimation of the carbon dioxide in a 
carbonate, and is described in detail in text books of quantitative analysis 
(Clowes an<l Coleman, Quautitatiee Analysis, 10th ed., 1914, pp. lOSr^ seq.). 

^ Obtained artificially by double decomposition between a soluble calcium 
salt chloride) and a soluble carbonate {e.g. ammonium carbonate); 

marble used in the laboratory for the production of carbon dioxide is not a very 
pure form of calcium carbonate; Iceland spar is a very pure native form (ante, 
p. 250). 
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Procedure. 


Tl»e procedure is the same as that described before in connection uitli 
the experiment on conservation of mass {ante^ p. 210), with this difterence, 
that the object now being the complete decomposition of the carbonate used 


A. Erlenmejer flask of between 150 
and 200 c.c. capacity. 

B. Pure calcium carbonate covered 
with water. 

C. Small test-tube filled with concen¬ 
trated hydrochloric acid, sufficient 
in quantity to decompose all the 
carbonate. 

D. Chloride of calcium tube to retain 
the moisture carried by the es¬ 
caping carbonic acid gas; any 
lime contained in the granulated 
solid must have been changed to 
carbonate. 

E. Tube through which the air is 
drawn at the end of the experiment 
to expel all the carbon dioxide 
contained in the flask above the 
liquid and dissolved in the liquid. 


Fig. 67. 



and the complete expulsion of all the carbonic anliydride liberated, care 
must be t;iken to have a sufficiency of acid in the small tube, and the 
removal of the carbon dioxide dissolved in the liquid may have to be 
helped by placing the whole apparatus for a few minutes on a previously 
heated sand bath ; the experimental difficulty consists in removing all the 
carbon dioxide without removing any water or hydrochloric acid. 

Record of results. 

AVhilst the following figures, obtained by an average student 
working in the ordinary way, show that the experiment carried 
out with the simple home-made apparatus described can be 
made to yield concordant results agreeing with the standard 
value, it must be put on record that on the whole the values 
obtained have not been satisfactory, varying within the wide 
limits of 36 and -43; it would seem as if the experimental 
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difficulty not satisfactorily overcome consisted in finding the 
exact conditions for completely expelling the carbon dioxide 
without losing any water or hydrochloric acid. 


Specimen of note-book entry. 

Determination of the combining weight of calcium from 
the ratio (CaO 4- CO 2 ) : COo = a ; 6 , the antecedent data being 
combining weight of carbon = 12*00 ; oxygen in acidic oxide 
: oxygen in basic oxide = 2 : 1 . 


Wt. of pure dry carbonate .=« 

Wt. of whole apparatus : 

before the reaction.=i>' 

after the reaction . —h' 


9 9 


> > 


Loss of wt., representing carbon dioside 

= b'-b"=b 

Combining weight of calcium . 

Mean 



I 

II 


*522 gms. 

♦703 gms 


77-007 „ 

78-272 ,, 

(i) 

76-792 

77-970 „ 

(ii) 

70-780 

77-962 „ 

(iii) 

70-781 

77-902 „ 


•229 „ 

•310 

-60 

•10-30 

39-78 „ 


40-04 


Experiment LI. 

To find the combining weight of nitrogen from the deter¬ 
mination of the ratio potassium nitrate : nitric 
anhydride {ante, p. 333). 


(K 2 O + NyOi): N 2 O 5 — a: b 


with antecedent datum K = 39‘10. 

The principle of the experiment consists in the expuLsion of volatile 
nitric anhydride by fusion of a known weiglit of the pnre tlry nitrate ^nth 
excess of the non-volatile acidic oxide silicjx, the loss of weight resulting 
from the process of fusion being the measure of the nitric anhydride that 
had been present. A platinum crucible will bo found most convenient, but 
a i)orcclain crucible can be made to do. The silica, which must be finely 
divided ami free fi'oin any volatile impurity—including moistiu*e—and which 


tlicrcfore should be previously ignited, has to be used in considerable 
excess. The mixing should be thorough,‘and is best done by adding the 
silica to the weighed nitrate contained in the crucible, stirring with a 
platinum wii-o or a glass rod drawn out to a fine point at one end. 
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Record of results. 

Specimen of note-book entry. 

Determination of the combining weight of nitrogen| from 
the ratio (K.jO + N 2 O 5 ) : N 2 O 5 = a : 6 , with antecedent datum 
K == 39-10. 


Wt. of empty crucible . 

,, ,, + potass, nitrate. 

wt. of potass, nitrate taken .=:a"-a' 

Wt. of crucible + contents after addition of 
silica: 

Before heating. 

After heating (i). 

.. (ii) . 

„ „ (ii>) . ••••••; 

/. Nitric anhydride expelled.=o -o 

Combining weight of nitrogen 


a ... 

a" 

a 


= V .. 


6 '^ 

b 




24*8418 gms. 
25*5240 „ 
0*6822 


27*0590 , 
26*6962 , 
26*6946 , 
26*6946 , 
0-3644 , 


» « » 


14*005 


II 













APPENDIX TO CHAPTER IX 


The Relation between the Combining; Weight 

and the Atomic Weight. 

In the chapter on Combustion it has been shown how a 
number of apparently diverse and unconnected phenomena 
came to be recognised as belonging together, and how when 
classification had done its work, in that case as in all similar 
ones, in response to a desire inherent in the human mind, the 
attempt was made to refer all the common effects observed 
to one common cause. It is at this stage that imagination 
steps in, shows its function and asserts its value in the develop¬ 
ment of a science. A guess is made, somebody assumes some 
property or pi’operties as characteristic of the s 3 ^stems which 
exhibit the si>ecial phenomena considered, and the adequacy" 
of the guess—called a working hypothesis—is tested induc¬ 
tively and deductively. Becher’s and Stahl’s guess, the con¬ 
ception of phlogiston (Chapter IV, p. 147) was of a nature such 
that, while it accounted for a number of the phenomena 
observed in combustion, it did not account for all, and in fact 
led to discrepancies between what according to the postulated 
properties and functions of the hypothetical phlogiston should 
happen, and what in reality does happen. Lavoisier, guided 
by a critical survey of all the facts previously known, together 
with those observed and established by himself, made the 
guess, or—what seems to be the proper scientific term— 
framed the working hypothesis, that air is made up of 
two different parts, one of w'hich in combustion combines 
with the burning substance. This hypothesis—unlike that 
of phlogiston—was of a nature such that it could be 
put to an experimental test, which took the form of the 
experiment on the synthesis and the complete analysis of 
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mercury calx, an experiment which has become classical; the 
result was the separation of air into two gases possessed of 
the postulated properties, and tlie re-formation of ordinary 
air when these two gases were mixed together. The 
hypothesis was proved to be true, and thereby it ceased to 
exist as a hypothesis and became an established fact. But it 
is not always thus : it is not a necessary attribute of hypo¬ 
theses that the assumptions made should be capable of sensual 
realisation and therefore amenable to methods whereby their 
truth can be tested, established or disproved ; all that is 
required is, that the assumptions made should not be absurd, 
i.e. contrary to the known laws of nature and the established 
laws of thought; hypotheses need not be true, tlicir value 
depending merely on their utilit}^ on their fitness for the task 
to accomplish which they have been created. AVhat then, in 
a quite general May, is this task ? 

...ti) reduce the iiuinljcr of laws, as far as i>ossil>le, hy showiiij^ that 
laws at fii'st separated may he merged into one; to reduce the number of 
the chai>ters in tlie hook of science by showing that some are truly mere 
sub-sections t>f chapters already written... 

This is a purpose for which M'e may imaffine a constitution 
of matter such that the isolated laws appear but as the neces¬ 
sary outcome of these fundamental properties of matter, and 
M'e may even go so far as to 

...imagine properties which we shouhl apprehend, if our senses Mere 
on quite another scale of magnitude and sensibility. 

This is M'hat Dalton did in the first years of the nineteenth 
century, M'hen he supplied an euplanation, or as some M'ould 
prefer to have it called, a condensed description of the empi¬ 
rical laM's of chemical combination, i.e, of regularities of so 
striking a nature as to produce in the human mind the desire 
to account for them or to represent them as due to some 
common cause, to some fundamental property of matter. Of 
this explanation it M'as said by Berzelius soon after it was 
offered that ‘ it represented the greatest advance that 
chemistry bad ever yet made in the course of its develop¬ 
ment into a science.’ 
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In an earlier part of this chapter {ante, p. 321 ) occasion 
has arisen for giving a short account of the nature of the 

Daltonian hypothesis, but our present purpose makes a certain 
anaount of repetition necessary. 

Dalton imagined matter to be not infinitely divisible, not 
continuous, but of grained structure; the constituent grains, 
Avhich are so small as not to be capable of sensual realisation, 
are named atoms ; the atoms of one and the same substance 
aie all identical and possessed of a characteristic constant 
weight, which is specific, i.e. different from the weight of the 
atoms of other substances ; chemical combination takes place 
between small numbers of the indivisible elementary atoms, 
lesulting in the formation of ‘compound atoms,’ the weights 
of which are the sum of the weights of the constituent atoms, 
e.g, the combination of 1 atom of A weighing p M'ith 1 atom 
oi 3 weighing q, or with 2 or anotlier small whole number of 
such atoms, forms 1 compound atom M which weighs q? + q or 

j> + 2 q, or quite generall3% mp + uq, where wi and n are simple 
whole numbers. 

This is not the place to follow out in detail how this 
hypothesis supplies a simple, comprehensive and consistent 
explanation of the laws of chemical combination, viz., of con- 
sci'vation of mass and combination according to fixed, multiple 
and permanent ratios ; moreover the application is so simple 
and direct as to be quite obvious. How Dalton applied liis 
hj’pothesis to the construction of a s^’Stem of notation at the 
same time qualitative and quantitative has been shown in an 
earlier part of this chapter. AVhat we arc concenied M'ith 
now is liis conception of atomic weight, and the manner of 
measuring these (juantities M'hich are of such fundamental 
imi>ortance. Recognising at the outset that the measurement 
of the alniohite weight of the infinitely small atoms is not 
possible, and that what we are concerned with is the relative 
weight of the different kinds of atoms, Dalton expresses 
liimself thus regarding the nature of tlie problem and the 
number of the facts lie wishes to ascertain. 

In all chemical i!ivo.stigati<ms it lias justly heeu considered an important 
object to ascertain tlie relative weights of‘the simples which constitute a 
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compound, but unfortunately the enquiry luis terminated here; whereas 
from the relative weights in the mass the relative wciglits of the ultimate 
l)articles or atoms of the bodies might have been inferreil, from which their 
number and weight in various other compounds would aiipear in order to 
sissist and to guide f\iture investigations and to correct their results. Now 
it is one gi’ejit object of this work to show the impoitauce and advautiige of 
ascertaining the relative weights of the ultimate particles both of simple 
and compound bodies, the number of simple elementary particles wliich 
constitute one compound particle... 

The equation expressing the above relation is 

mp : Hij = a : bj 

where p and f/ are the unknown absolute weights of the atoms 
of the elements A and B, pjq the required relative weight of 
A in terms of B as unit, m and }i whole numbers which by 
hypothesis are always small, and a : is the experimentally 
found value for the ratio in u-hich A and B are present in 
the compound M ; thus if M represents water, pjq will be 
the atomic weight of oxygen referred to the weight of the 
hydrogen atom as unit. But besides this, the ratio of the 
weights of the elementary atoms, we wish to ascertain also 
m and the number of each kind of elementary atom present 
in one compound atom, and even if we content ourselves with 
a knowledge of the ratio the fact remains that the data 
available are insufficient, that we have only one equation con¬ 
taining the two uiiknown ratios p'q and mfn. To get over 
this difliculty Dalton framed a number of a priori arbitrary 
rules for assigning values to )n and n, such as that if one 
compound only is known between two elements, it should be 
considered as binary, i.e. m = H = \y that if two are known one 
.should be considered as binary and the other ternary, etc. But 
these rules were not only arbitrary—really a number of hypo- 
these.s—but also insufficient, for there is always the possibility 
of further discovery, and why should the binary compound 
always be the first known ? If of two combinations one is binai y 
and the other ternary, which is to be which ? in the case of the 
oxides of copjier, the formulae CuO and CuOo for cuprous ami 
cupric oxide conform to the rule just as well as and (hiO. 

Without further enlarging on the theme, it should be clear that 
the fixing of values for /nand n, on which dei>ends that of 
in accordance with the rules laid down by Daltoii was a 
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process much influenced by the subjective element and the 
results of which were therefore open to doubt; hence in its 
original form the atomic hypothesis left the measurement of 
the relative atomic weights encumbered with the same uncer¬ 
tainty as that which we found attached to the selection of 
one of a number of combining weights as the atomic weight. 

But ill the first decades of the nineteenth century, as the 
direct result of the imiietus given to tlie science by the 
Daltonian hypothesis, knowledge of the quantitative compo¬ 
sition of inorganic compounds grew apace; and in 1818 
Berzelius was able to publish a table giving the relative 
atomic weights of the elements then known in terms of the 
unit ()x 3 ’gen = 100 deduced, by more or less arbitrary methods, 
from a knowledge of the combining weights (see p. 326). This 
supplied material for the recognition of a connection between 
the values of the atomic weights thus derived and certain 
physical properties, such as the heat capacity of elements in 
the solid state or the cr^'^stalline form of tlieir compounds. 
Thus Petit and Dulong (1819) showed that the specific heat 
of a solid element multiplied by its atomic weight gave an 
approximate constant value (about 6-4) known as the atomic 
heat; but in order that this constancy, found for a cei*tain 
number of the elements, should hold generally, certain of 
Berzelius’ atomic weight values had to be divided by 2 or 
2/3 or 4, i.e. the values arbitrarily chosen for m, n were 
replaced by others less arbitrary, in so far as their use led to 
the exhibition of a numerical regularity presumably expressive 
of some real common property belonging to the ultimate 
jjarticles of the different elements. But when thus inductively 
established, the constanc 3 ' of the value for atomic heat could 
then be applied deductively in assigning the values m and 
Le. for elements Avhose specific heat in the solid state can 
be determined. 

So much then for the origin, the nature, the limitations 
and the development of the Daltonian atomic h^'pothesis, in 
which the atom is the primary conception. But the atom 
holds a place and probably a more important one, by virtue 
of its being a derived conception, one following from that of 
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the molecule as conceived and introduced into the science 
by Avogadro. 

Whilst each solid and each liquid has its onmi character¬ 
istic coefficient of compressibility and of expansion the 
generalisations known respectively by the names of Boyle’s 
Law {pv — constant), Cliarles’ I.aw ((?« : rj. = 27;i : 273 + T), and 
Gay-Lussac’s Law (the combining volumes are simple whole 
numbers, post^ Chapter X, p. 382) show : (i) that all the dif¬ 
ferent gases behave alike in these respects; (ii) that there 
exists a simplicity in the relations between combining volumes 
which has no parallel in those between combining weights. 
The inference is inevitable that in the constitution of all gases 
there must be some common feature, and that the gaseous state 
is marked by a simplicity of structure not met with in tlie solid 
or liquid state. The hypothesis put forward in 1811 by tlie 
Italian scientist Amadeo Avogadro (177(>—18oG) conceived 
thiscommon simple striictureof gases to consist in the presence 
in equal volumes—measured at the same temperature and 
pressure—of an equal number of independently existing par¬ 
ticles ; put somewhat differently, this means that in the case 
of gases the volume occupied and the correlated properties 
of temperature and pressure depend, unlike other ju'operties 
such as colour, heat capacity etc., not on the hind of con¬ 
stituent particles but only on their number. What is the 
nature of these particles and what their relation to the 
Daltonian atoms? Using tlie present-day nomenclature for 
the designation of the different types of differently complex 
ultimate constituents conceived of by Avogadro, we have the 
mohcnles, the independently existing aggregations of matter, 
equal numbers of which occupy equal volumes ; the molccides 
of compounds are of necessity complex, being made up of 
two or more kinds of smaller particles or atoms wliich 
represent a more ultimate and simpler oi’dcr of aggregation ; 
the molecules of elements may be simple or complex, each 
containing 1 or 2 or 3 or -J... atoms identical with one another. 
In the mechanism of chemical change the molecules are the 
acting units ; the change may consist in the splitting up of 
each of a number of complex molecules into two or more 
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simpler ones, or vice versa^ in the coalescence of two or more 
simpler into one more complex molecule, or what is the most 
common case in the formation of new kinds of molecules, 
by the interchange of the constituent atoms of the different 
kinds of molecules originally present. 

The i)icture of the ultimate condition of matter thus 
created, not being capable of sensual realisation, constitutes 
a hypothesis the truth of which cannot be proved or disproved 
experimentally ; but this has not been a determinant factor 
in the history of its development: it owes the jiosition of 
paramount importance which it holds and has held for more 
than half a century to the extensive use that has been made 
of it in the interi>rctation and correlation and discovery of 
facts. Originally devised for the purpose of correlating and 
explaining the laws characteristic of and peculiar to the 
gaseous state, it has furthered chemistry by its deductive 
application to tlie measurement of the comparative weights 
of the molecules, i.e. those quantities which constitute the 
units of chemical change, and has led—as will be shown pre¬ 
sently—to an objective method of measuring relative atomic 
weights. As regards the principle underlying the molecular 
weight measurements, this is quite simple : 

Wt. of 1 molecule of substance A 
WtT^f 1 molecule of standard 

_ Wt. of A" molecules of A 
Wt. of A' molecules of standard ’ 

but since by Avogadro’s hypothesis A” molecules of any 
gaseous substance whatever occupy the same volume 

Wt. of 1 molecule of A 
Wt. of 1 molecule of standard 

_ Wt. of m vols. of A _ 

Wt. of m vols. of standard 

_ gaseous d ensity of A _ 

~ gaseous density of standard* 

If, as is the case now, the standard molecular weight is 
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oxygen = 32, we get by the substitution of this value and of 
1‘429 grains per litre for the gaseous density of oxygen : 


Molecular weight of ^ 0=32 



1*429 


X gaseous density of A 


= 22*39 X gaseous density of A 

= weight of 22*39 litres of the 
gas A measured at n.t.p. 


Verbally expanded, this means that the molecular weight 
of any substance is the weight of that volume of it which 
in the gaseous state occupies a volume equal to that filled 
at the same temperature and pressure by the molecular 
weight of the standard, i.e. by 32 grains^ of oxygen, which is 
22*39 litres^. It should be noted that this determination of 
relative molecular weight is a purely physical method based 
on a hypothesis which does not take into account specific 
differences between different kinds of matter but refers to a 
common property of all matter; hence the composition of 
the substance is immaterial, need not be known and is not in 
any >vay revealed by the experimental work involved. 

Thougli propounded early in the nineteenth century, it 


^ Stated thus, the molecular weight would appear as the weight iu grams of 
22*39 litres of the gaseous substance, aud to do away with a possible source of 
confusion attention must be drawn to the fact that we are simply getting a set 
of comparable numbers; we do uot attempt to ascertain the actual weight of 
the oxygen molecule, >Yhich whatever it may be belongs to a very low order of 
magnitude. "What we say is that if we choose our unit of weight sufiicieutly 
small and such as to make the weight of the oxygen molecule 32 of these units, 
then the weight of any other molecule measured iu these units will be related 
to 3*2 just as in tlie above equation and will be expressed by Cbe same number. 

‘ Imagine it could be proved that half a molecule of hydrogen weighed 
one millionth of a milligram’...—modern physical research has fixed Uiis 

3**24 

weight as about gram—‘ then all the [values for the molecular weights 

obtained as above] become concrete quantities and express the absolute w*eight 
of the molecules in millionths of a milligram. The same w’ould be the case 
if the common unit had any other concrete value. Thus these numbers 
are all comparable, whatever may be the concrete value of the common unit.’ 
(Cannizzaro.) 


With hydrogen =2 as standard, this value becomes 


2 

U89a7 


= 22-25 litres. 
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was only after 1858^ that Avogadro's hypothesis was generally 
accepted and began to exert a dominating influence on 
cheInist^ 3 ^ The chief reason for this lay probably in the fact 
that in the years immediately following upon the publication 
of Dalton’s hypothesis attention was concentrated on the 
determination of atomic weights, which were mostly deduced 
from the composition of non-volatile metallic oxides, and that 
it was not until later that the phenomenally rapid develop¬ 
ment of organic chemistry brought within the scope of the 
science a very large number of substances which could be 
volatilised more or less easily. Then it was found that for¬ 
mulae such as CaHsO for alcohol, CjHioO for ether, CH 4 and 
C 2 H 4 for methane and ethylene etc. etc., which had been 
chosen on grounds of chemical adequacy, i.e, because they 
were best suited to represent the nature and properties 
of the corresponding substances, the manner in which they 
had been formed from other substances and the manner 
in M'hich they could be decomposed, represented quantities 
which in the gaseous state occupy equal volumes, i.e. the 
fornudae weights are in the ratio of the gaseous densities. 
Here then was a relation found empirically which inevitably 
led to the inference that of the smallest component particles 
of these difierent substances which are the units of chemical 
action, equal numbers must be present in equal volumes of 
the gaseous substances. 

Moreover, the anab’ses of gaseous or volatile substances, 
when expressed not as parts per hundred but as parts of the 
molecular weights, i.e. of the quantities which in the gaseous 
state occup 3 " equal volumes, lead to results such as the fol¬ 
lowing^ : 

^ It was in that year that the pamphlet by S. Cannizzaro, then Professor of 
CheiniRtry at Genoa, in which the nature and applicability of Avogadro’s hypo¬ 
thesis were expounded in the most masterly fashion, reached a wider public. 

2 The table is a reproduction in a very slightly modified form of one given 
by Cannizzaro. (Ostwald, Klassiker der exacten JVissemchaften, No. 30.) 
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Name of the 
substance 

Molecular 
weight re¬ 
ferred to 
the weight 
of a half 
hydrogen 
molecule 

Weight of the constituents contained 
in the molecular weight 

H^’drogen . 

2 

2 ( = 2x1) hydrogen 

Oxygen . 

32 

3*2 ( = 2 X 16) oxygen 

Sulphur under 1000* 

192 

192 (= 6 X 32) sulphur 

Sulphur above 1000° 

64 

64 ( = 2 X 32) sulphur 

Phosphorus . 

124 

124 ( = 4 X 31) phosphorus 

Chlorine. 

71 

71 ( = 2 X 33'5) chlorine 

Bromine. 

160 

lG0( = 2x80) bromine 

Iodine . 

254 

254 ( = 2 X 127) iodine 

Nitrogen. 

28 

28 (=2x14) nitrogen 

Arsenic . 

300 

300 ( = 4x75) arsenic 

Mercury. 

200 

200 (= 1 X 200) mercury 

Hydrochloric acid ... 

36-6 

35-5 chlorine -f 1 hydrogen 

Hydrobromio acid... 

81 

80 bromine + 1 hydrogen 

Hydriodic acid 

128 

127 iodine - 1 - 1 hydrogen 

Water . 

18 

16 oxygen -h 2 (= 2 x 1) hydrogen 

Ammonia . 

17 

14 nitrogen -f- 3 ( = 3x1) hydrogen 

Arsine . 

78 

75 arsenic -f 3 ( = 3 x 1) hydrogen 

Phosphine . 

35 

32 phosphorus + 3 ( = 3 x 1) hydrogen 

Mercurous chloride 

235-6 

35-5 chlorine -1-200 mercury 

Mercuric chloride ... 

271 

71 ( = 2x35-5) chlorine-1-200 mercury 

Arsenic chloride ... 

181-5 

106*5 (= 3 X 35*5) chlorine -t- 75 arsenic 

Phosphorous chloride 

138-5 

106-5 ( = 3x35-5) chloriue-t- 32 phosphorus 

Ferric chloride 

325 

213 (= 6 X 35-5) chlorine 4 112 iron 

Nitrous oxide 

44 

16 oxygen -h 28 ( = 2 x 14) nitrogen 

Nitric oxide . 

30 

16 oxygen-f 14 nitrogen 

Carbon monoxide ... 

28 

16 oxygen 4 -12 carbon 

Carbon dioxide 

44 

32 (= 2 X 16) oxygen -f-12 carbon 

Ethylene . 

28 

4 (= 4x1) hydrogen 4-24 (=2 x 12) carbon 

Propylene . 

42 

6(= 6 X 1) hydrogen 4-36 (=3 X 12) carbon 

Acetic acid . 

60 

4 (= 4x1) hydrogen 4- 32 (= 2 x 16) oxygen 

4-24( = 2xl2) carbon 

Acetic anliydride ... 

102 

6 (= 6x1) hydrogen 4- 48 (= 3 x 16) oxygen 

-f-48(=4x 12) carbon 

A ^ A V 

Alcohol . 

46 

6 (= 6x1) hydrogen +16 oxygen 

-f 24 (= 2 X 12) carbon 

Ether . 

74 

10 ( = 10 X 1) hydrogen +16 oxygen 

-}-48(=4xl2) carbon 


...It is at once apparent that the several quantities of one and the 
saine clement contained in the various molecular weights arc all whole 
multiples of one and the same quantity, which since it always enters into 
comi>ound.s umlividcd can justly he termed the atom....The different quan¬ 
tities of hydro-en contained in the molecules of the different substances 
are whole multiples of the quantity containc<l in the hydrochloric acid 
mo ecu e, which ju.stifies the choice of this amount a.s the common unit for 
molecules and atoms llie hydrogen atom is contained txviec in the mole- 
cule of uneombined hydrogen. In like manner...the quantities of chlorine 
in the different mo ecules are all whole multiples of the quantity contained 
in the molecule of hydrochloric acid, Le. of 35'5, and the various quantities 


F. c. 


24 
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of oxygew contained in the molecules are all mnitiiiles of that contained in 
n ater, i.e. of 16, a quantity whicii is lialf of that contained in the oxygen 
molecule.... 

In this manner we ascertain the smallest quantity of each element which 
always enters undivided into the molecules of the substance of which it 
forms a constituent, and which is justly named the atom. Hence in order 
to determine the atomic weight of each element, we must know the mole¬ 
cular weights and the composition of all or at least of most of its compounds. 

(Cannizzaro, 1858.) 

The above quotation shows in the clearest manner possible: 

(i) How the conception of atomic weight is deduced from 
that of molecular weight, i.e. how it is arrived at as a con¬ 
ception derived from the data collected by the application 
of Avogadro’s hypothesis ; (ii) in what the experimental work 
involved in an atomic weight determination by this method 
consists. Further points of importance set forth in an equally 
lucid manner by Cannizzaro in the same pamphlet are : 

1. The molecular weights of the elements themselves need 
not be known, only those of their compounds ; c.g. carbon, 
which forms so large a number of volatile compounds is itself 
non-volatile, and all that we can say is that its molecular 
weight, if measurable, would be found = 12 x u-here n is 
some simple whole number. 

2. The value thus obtained, which for each element is 
the least amount contained in the molecular weight of any of 
its compound.s, is a maximum possible value; if an element 
forms very few volatile compounds, there must be great un¬ 
certainty on tliis subject, as of course there is no a priori 
necessity that the special compound or compounds should 
contain in the molecule only one atom of the element con¬ 
sidered. In such cases the results obtained by the method 
based on Avogadro’s hypothesis must be compared and supple¬ 
mented by those supplied by other methods, such as that of 
the constancy of the heat capacity ipnte, p. 364) or that 
supplied by the periodic classification. 

A further point of the utmost importance is that the data 
required for an atomic weight determination by this method, 
involving as they do a knowledge of the composition of a 
number of the compounds of the element, include a knowledge 
of the combining weight. Of course the compounds which 
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happen to be volatile may not be such as to lend themselves 
to an accurate nieasuremcnt of the ratio a : b, and hence the 
value of the combining weight, and with it that of the atomic 
weight, can only be found approximately by this method ; 
but the approximation will be near enough to show which 
value to give to the factor mfn (p. 3(53), and hence to deduce an 
accurate atomic weight from the independently determined 
accurate combining weight ^ 

The determination of atomic weights by the help of the 
periodic system also involves the finding of the value for 
min, i.e. the numerical relation to the empirical combining 
weight. Tlie ' periodic system ’ is a method of classification 
of the elements based on tlie generalisation that if the ele¬ 
ments are arranged in the order of their atomic weiglits, most 
of the properties of the elements and of their compounds show 
periodic variations. 


I arranged tlic elements according to the magnitude of their atomic 
weights, when it became evident that tlie»‘e exists a kind of periiKlicity in 
the iir(ii)erties....At first the properties of tlie elements change as the atomic 
weights increase, but afterwanls these repeat themselves in a new sen'e.'i or 
new perio<l of elements.... (Mendcleetf, 1871.) 

The members of the different series which are correlated 
by this recurrence of i>roperties constitute the groups. In 
the usual tabular arrangement tlio series are the liorizontal 
rows, each comprising a certain number of elements (H—11) 
arranged in aritliinetical progression according to increasing 
atomic weight; the groups, which are the vertical rows, con¬ 
tain chemically similar elements. Hut at the time of the 
proimilgation of the system, in order that such an arrangement 
.should really express the relation between the atomic weights 
and the properties of the elements, it was found necessary : 
(i> to leave gaps which in the future miglit be filled in (e.f/. 
radium found a place in grouj) II, scries 7, under barium, 
to which it is naturally related by common properties— ante, 
p. 3:2,5); (ii) To act on the supposition that tlie con-ect 
atomic weights of some elements were different multiples of 
the combining weights from those which had liitherto been 

^ I’or examples sec Study 0 / Chcmicul Vomj^osition^ pp. 3*51 et 


•24 ^ 2 
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assigned to them*. It is this last necessity that bi’ings 
the periodic system within the scope of our present con¬ 
siderations. The regularities brought out by this system 
of classification occur only if the atomic weights are the one 
variable, not if the combining weights—whether the smallest 
or any other arbitrarily chosen ones—are used instead. The 
discovery of the relation between atomic weight and pro¬ 
perties was made when for the great majority of elements 
the atomic weight values obtained by the application of 
the arbitrary methods of Dalton and Berzelius already de¬ 
scribed, had been accepted or modified by the chemists of the 
day after Cannizzaro’s demonstration of the practical applica¬ 
tion of Avogadro’s hypothesis to atomic weight determina¬ 
tion. From the nature of the case a generalisation of 
such a comprehensive kind arrived at inductively could not 
have been made without a large number of available data; 
but as soon as the relationship had been discerned and esta¬ 
blished, the value of its deductive application to the choice 
of atomic weight values became apparent. The study of the 
properties of an element shows its relations with others and 
indicates the group to which it belongs, and the legitimacy 
of this classification on the ground of properties will be shown 
by the occurrence of a vacant place in the group which will 
accommodate an element with the atomic weight equal to the 

combining weight x —(0=8). The element beryllium affords a 

• 

Striking example of the manner of using the periodic system 
for atomic weight determinations. The measurement of the 
ratio sulphate : oxide (by the calcination of the sulphate, 
a special case of the general method described ante, 
p. 332) gives the value 9T for the combining weight, 

and 9*1 x — for the atomic weight, which accordingly might 

1 3 

be 91x- = 4*55, or 9*1 x-= 13*65, or 9’lx2 = 18*2, and 

2 2 

^ Similavly Petit and Dulong, in order to obtain a constant for the atomic 
heat, had in the ease of a number of elements to multiply or divide by some 
simple whole number the current values for the atomic weights. 
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so on, the formula for the oxide being correspondingly 
Be..O, or BeO, or BcjOa or BeOo etc. The measurement of 
the heat capacity does not in this case help towards the 

selection of the correct value for because beryllium, like 

carbon and boron—which also are solid elements of low 
atomic Aveight—is exceptional in that its heat capacity varies 
very much Avith the temperature (from 0'370 at 0^ to 0*-4“() 
at 100® and 0’542 at 200®), and there is nothing to indicate 
an a priori superiority of any one of the various available 
values for use in the deduction of the atomic Aveight. More¬ 
over, the study of the properties of the compounds of beryl¬ 
lium does not by itself lead to a definite conclusion : 

...the magnesiii formula [MgO] htis been given to its oxiilc. but on the 
otlier ham! bcryllia has [>n>perties similar to tlio.sc of alumina [AbO;,].. ..The 
l>eriotlic law affords...proofs in support of the fornmla BeO. 

Avhicli reipiires that the atomic AA’eiglit should be 9*1 and its 
position in the table betAveen lithium = 7 and boron = 11 in a 
group Avith magnesium ; there is no place in the table for an 
element of atomic Aveight, 13 05, Avhich avouUI give an oxide 
of the formula Be..Oy. 

The detailed study of the various methods available for 
the determination of the atomic Aveight shoAvs that in each 
there is a residual number of facts termed ‘exceptions,’ 
i.e. cases in Avhich the results either are not concordant Avith 
those obtained by the other methods or lead to formulae 
Avhich, Avhen judged by the supreme test of chemical adequacy, 
are found unsuitable. Thus : (i) The evidence for 12 as the 
atomic Aveight of carbon, obtained by the vaj)our density 
method, is so extensive as to be conclusiA'e, especially Avhen 
taken together Avith the fact that with C = 12 the formulae 
for the various carbon compounds agree Avith those assigned 
on purely chemical grounds ; but the value of the atomic 
Aveight of carbon derived from the generalisation that the 
atomic Aveight is equal to the atomic heat divided by the heat 

capacity of the solid element between 0® and 100® Avould »ive 
6*4 

*1893^*'^^^^*^^*^’ much higher A’alue. (ii) M’lieu ammonium 
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chloride is volatilised, the density of the resulting gas ascerr 
tained, the molecular weight calculated from it in the usual 
manner {ante, p. 366) and the composition stated as parts per 
molecular weight, it is found that, whilst the amount of hy¬ 
drogen present is twice that found in one molecular weight 
of hydrogen chloride, the amount of nitrogen and of chlorine 
is only about half that of the least quantity of these elements 
found in one molecular weight of any other nitrogen and 
chlorine compounds. Acceptance of these results would pro¬ 
duce the formulae H 3 N 2 , HCh, HgNCl for ammonia, hydrogen 
chloride and ammonium chloride respectively, and would 
necessitate a doubling of the numbers of nitrogen and of 
chlorine atoms in all the many compounds into the composi¬ 
tion of which these elements enter ; the consequent oblitera¬ 
tion of chemical analogies and the increase in complexity 
of the formulae are such that there has never been any 
hesitation in rejecting these numbers for the atomic weights 
of nitrogen and of chlorine, (iii) And finally, there is the 
case already referred to {ante, p. 329) of the anomaly pre¬ 
sented by tlie position of tellurium in the periodic system ; 
from its close analogies with sulphur and selenium it belongs 
to group VI, and should therefore precede iodine and have a 
lower atomic weight than 126*92, that of iodine ; but its 
atomic weight {ante, pp. 331 et seq.) is 127*5, nearly a whole 
unit higher than that of iodine. Here, as in all similar cases, 
the contradictory and exceptional nature of the occurrence 
leads to special work, to a search for the cause of the appa- 
1 ‘ent abnormality ; and the starting-point of many a research 
that has become classical may be traced back to some such 
purpose. As regards the immediate results in the instances 
at present under consideration ; (i) An elaborate research on 
the specific heat of carbon showed that the temperature 
exerts a very gi*eat influence, and that, after increasing 
rapidly with tlie temperature, the specific heat of this element 
reaches at about 600°C. a constant value, which with C = 12 
gives for the atomic heat 5*4, a number sufficiently near to the 
constant 6*4 to justify the selection of 12 as the atomic weight, 
(ii) In the case of ammonium chloride, the reconciliation 
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between the atomic weight values for nitrogen and chlorine 
arrived at by the application of Avogadro’s rule and by the 
requirements of chemical adequacy, has been achieved by the 
recognition that the heating of solid ammonium chloride does 
not yield this substance in the gaseous state but produces a 
mixture of hydrogen chloride and ammonia*, which, since each 
molecule of the sal ammoniac has broken up into two, occupies 
twice the volume and yields a vapour density and molecular 
weight half of that required on theoretical grounds for NH 4 C 1 
when N=14 and Cl = 35*5. (iii) All attempts to bring the 
atomic weight of tellurium to a value in accordance with the 
position in the periodic sj’stein to which its properties assign 
it, have so far failed {ante, pp. 137 et seq.). 

If space permitted it would no doubt be advantageous to 
illustrate by as many examples as possible that weighing of 
pros and cons, and that making of compromises, which is 
often a feature of the process resulting in the fixing of an 
atomic weight; it is not a case for revision of experimental 
work faulty in principle or not sufficiently accurate, but of a 
mode of interpreting experimental results on the basis of 
certain hypotheses ; in assigning values to the relative weights 
of particles of matter which we believe to be all at one and 
the same stage of subdivision, we try to find those values 
which will in the most consistent manner fit in with the 
greatest number of empirical relations between these hypo¬ 
thetical quantities. 

The reason for including in the scope of this book a 
consideration of the nature and the measurement of the 
liypothetical quantities termed atomic weights, and for intro¬ 
ducing this subject here, is the desire to combat the confusion 
unfortunately very ])revalent which exists in the minds 
of many elementary students on the subject of the relation¬ 
ship between tlie empirical combining weight and the atomic 
>veight. It is hoi)ed that >vhat has been said will—either by 
itself or if necessary supplemented from books in which the 
various points are driven liome by more exanq)Ics—have 
brouglit out the fact that the determination of the combining 

* On coolinf'. re-combination to solid ammonium chloride occurs. 
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weight, of a ratio a : h representative of the composition by 
M^eight of a suitably chosen compound, is a purely empirical 
process, one in which every new determination has for its sole 
object increase in accuracy, and in which, as regards the at¬ 
tainment of that object, it is difficult to see finality; in each 
generation there seems to be a limit set by the skill of the 
foremost workers, but each successive high-water mark is in 
Its turn left below the crest of the wave which marks the best 
achievement of a new era. Thus, take the results obtained in 

the determination of two of the fundamentally most important 
ratios : 


(1) Ratio Silver : Silver chloride = a’.h. 

The experimental work consisted in a synthesis, weighing 
the chloride h obtained from a known weight of pure silver a 
{ante, p. 231). Expressed as the weight of silver chloride 
obtained from 100 of silver, the results were : 


Berzelius 

1820 

Turner 

1829 

Penny 

1839 

Alarignac 

1842 

Stas 


Bicbards and Wells 

1905 


First Series 
Second Series 


Probable Error 


132-757 

± *019 

132 832 

± '004 

132-836 

-001 

132-854 

=b *002 

132*8445 

± *0008 

132-861 

± -0007 

132 -867 

± -0005 


(2) Ratio Carbon : Carbon dio-\ide = a 
This is found by the measurement—absorption in potash— 
of the weight of carbon dioxide b ijroduced by the burning of 
a known weight a of pure carbon, generally diamond. 


Dumas and Stas 

1840 

h 

a 

2-6680 

Probable 

Eiror 

-0009 

Combining Weight 
of carbon calcu¬ 
lated on basis of 
formula CO 2 
11-994 

Erdmann and Marchaud 

1841 

2-6655 

± -0008 

12-005 

Roscoe 

1882 

2-6673 

± -0006 

11-997 

Friedel 

1884 

2-6654 

± *0007 

12-006 

Van der Plants 

1885 

2-6663 

± *0001 

12002 


Inspection of the table shows that the differences between 
the results of the various successive observers are but small, 
and that they tend to get less as time advances. Moreover, 
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if by the application of mathematics to the extreme devia¬ 
tions between the various results obtained in each separate 
research, we calculate the quantity called the jtrohable erroi% 
i.e, the amount to which the given result is known to be 
uncertain, this is found to decrease correspondingly. And it 
may be taken as practically certain that the last entries do 
not represent the end ; either by the same dii’ect method or 
by one more indirect, these ratios will be measured again, 
and whatever the result, it will differ only very slightly from 
the last of the values entered. No speculations, no hypotheses 
are involved in this work ; it is merely a case of measurement 

made more and more acciu’ate: butM'ith regard to the ratio 

ii 

by means of which the atomic weight is deduced from 
the combining Aveight, it is not a case of f/rcahtetffi/ in- 
creasint/ (tj)proj[;hiiatioH to the correct value, it is a case of 
choice between whole numbers, the choice being determined 
by a combination of considerations into Avhich the element of 
hyi)othesis enters. Take the case of carbon. In terms of 
0= 1(5 as standard, the value for the atomic weight will depend 
on whether carbon dioxide is CO, CO,, C,0, or quite generally, 
on the values of the simple whole numbers nt and n in the 
formula C„,0„. And having once found values for in and m 
these are practical!}’ final, for as long at any rate as we retain 
the molecular and atomic hypotheses in their present form. 
Repeating once again what has been said already {ante, 
p. in the work generally described under the name of 

‘ atomic weight determinations ’ almost invariably one only of 
the two factors involved in such measurements is dealt with ; 
the work reported upon is that of the measurement of the ratio 
ct : b, ii value not absolutely fixed but subject to slight varia¬ 
tions affected by re-determinations ; no mention even is made 
of the manner of determining the other factor m : n, which 
is just assumed as an antecedent datum. But if a revolution 
in our present theoretical views of the nature of chemical 
composition should sweep aAvay the atomic and molecidar 
hypotheses, then, whatever the features of the new system 
might be, hoAvever much it might differ from the present one. 
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however great an advance it might mark in increased com¬ 
prehensiveness and increased simplicity, it would have to 
account for the facts of chemical combination as summarised 
in the law of constant combining weights, and the accurate 
knowledge of these constants would retain its importance ; 
the measurement of the combining ratios is a work done for 
all time. 

In view of all this, what are we to say about the difficulty 
found by so many students—and not only those termed ele¬ 
mentary—in realising the position ? It has been the plaint 
of a great master of the science that ‘...in chemisti*y it 
happens only too often and almost as a matter of course, that 
hypotheses are looked upon as facts, or at any rate are dealt 
with as if they were facts....’ It has to be admitted that 
in the teaching of chemistry there has within the last two 
decades been some improvement; it is no longer the in¬ 
variable rule for bo\'s and girls to be introduced to the theo¬ 
retical study of the subject by some text book which at or 
near its beginning provides pat definitions for the terms atom 
and molecule^ atomic and molecular weight ; and though old 
customs die hard the practical training is no longer merely 
by test-tube work culminating in the analysis of a mixture 
cunningly made up to present complications not met with in 
real problems. But when the pupils have ‘discovered the 
mechanism of combustion’ and have ‘done a research on 
water and on chalk,’ then, in the case of those who later 
make acquaintance with the use of chemical notation, many 
more strange things happen ; both examiners and teachers 
are to blame, and it is difficult to say where the greater 
guilt lies. In papers set to elementary students, questions 
as to the meaning to be attached to a formula such as 
HsO are frequently met with. Now it is the firm belief 
of the present writer that the formulation of a satisfactory 
answer to a question of this kind requires some maturity of 
mind, and should not be attempted until after the slow spon¬ 
taneous clarification of ideas following on a period of longer 
or shorter but always inevitable confusion. To provoke the 
earner to commit himself to statements at an earlier stage 
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can have but one result, viz. the perpetuation of error and 
the protraction of confusion. There are the extreme cases, 
such as when a first j'ear student required to describe how 
the volumetric composition of water could be demonstrated 
experimentally wrote : ‘ Take one atom of ox 3 ’gen and two 
atoms of hydrogen....’ But worse, because affecting average 
students who are plastic material for the impress of right and 
wrong views, is the following case ; the instance was found in 
the laboratory note-book of a girl who during the end of 
her school course in preparation for college specialised in 
chemistry. The exercise set was to find a formula for carbon 
dioxide. The first impression produced on seeing this should 
be one of dismay and of pit}"; a rapid summar}" in the reader’s 
mind of the amount of work involved would comprise a deter¬ 
mination of the gi'avimetric composition and the molecular 
weight, not only of carbon dioxide itself, but also of a number 
of other volatile carbon compounds, since who would sup¬ 
pose that in dealing with the problem the atomic weight of 
cai'bon was assumed as an antecedent datum ? But this was 
evidently the case. The experimental work consisted merely 
in what, if called b}" the right name, would have been a very 
valuable exercise, viz. the determination of the conipositioji 
by weight; this was followed b)’ a cdlcuhttiou in which, in 
the usual manner, the pei centages were divided b}* the atomic 
weights of oxygen and carbon, supposed known, and the 
formula then given as CO 2 . Why not CoO^ or CaO«? and 
what can have been the pupil’s—or for the matter of that the 
teacher’s—idea as to the manner of determining the atomic 
weight of carbon, when, going round in a complete circle, 
they used that value as an antecedent datum in the reijre- 
sentatioii of the composition of a substance which from its 
simplicity woidd be the first to be used in the collection of 
the data for finding the atomic weight of carbon < But un- 
fortunatel}’ that teacher and tliat pupil are not exceptional 
in their view of atomic weights as something known a priori, 
divulged to us by some special revelation. 



CHAPTER X 

THE LAW OF COMBINING VOLUMES 

I. Historical. 

rbe exi^erinient (Chapter VI, p. 245) done to show that the 
composition of a compound is independent of the relative 
amounts of the constituents present at its formation cbnsisted 
in the volumetric synthesis of water; measurement of the 
nxtio of the volume of hydrogen to oxygen showed that 
in 11 experiments the mean value was 2'00, the gi'eatest 
deviations having been 1’97 and 2 05. The principle of this 
expel iment is the same as that of the classical researcli 
carried out in 1805 by Gay-Lussac and Humboldt, who xvhen 
engaged in determining the composition of different samples 
of air by the method of explosion with excess of hydrogen, 
wished to find for themselves the correct value of the ante¬ 
cedent datum vol. liydrogen : vol. oxygen, a ratio which at 
tliat time uas not known to any great degree of accuracy*. 
In two series of measurements in which they used excess of 
oxygen and of hydrogen respectively, they obtained for the 
ratio of the combining volumes numbers so near to 200 : 100 
tliat the whole number could legitimately be taken as repre¬ 
sentative of their final result. Struck by the simplicity of 
this relationship, Gay-Lussac was led to the examination of 
pertinent data, collecting such as were available already and 
adding new ones, with the result that in 1809 he could 
generalise as follows: 

...Gasos2,...in whatever proportion they may combine, always give rise to 
conipoimds wliose elements by volume are multiples of each other,...[and] 
the ai>parent contraction of volume which they expedence on combination 
lias also a simple relation to the volume of the gases...so that representing 
one of the terms by unity, the other is 1 or 2 or..,3. 

Whilst Berzelius recognised directly the importance of 
Gay-Lussac's discovery and its bearing on the atomic hypo- 

1 The volume of hydrogen required by 100 of oxygen was, according to 
Monge 196, according to Davy 192 and according to Dalton 185. 

- ‘ Couibinaisou des substances gazeuses,’ Mimoires de la Sociiti d'Arcueil, 
1809, II, pp. 207—234. 
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thesis which had just then been presented to a wider public 
through the agency of Thomson, Dalton himself refused to 
accept it and threw doubt on the accuracy of the measure¬ 
ments on which the generalisation was based. This attitude 
of Dalton was due to the fact that an inevitable deduction 
from Gay-Lussac’s law was incompatible with one of the 
postulates of his atomic hypothesis. The simplicity of the 
combining volume I’atios finds a simple and natural expla¬ 
nation in the assumption that equal volumes of all the 
diflerent gases contain equal numbers of those constituent 
particles which act as the units in chemical change ; to 
Dalton these units were atoms, which in the case of elements 
he conceived as indivisible (as indicated by the name aro/io? 
= uncuttable). But whenever the volume of a compound gas 
is greater than the volume of a constituent {e.g. 1 volume of 
oxygen in 2 volumes of gaseous water ; 1 vol. of nitrogen and 
1 vol. of oxygen in 2 vols. of nitric oxide ; 1 vol. of hydrogen 
and 1 vol. of chlorine in 2 vols. of hydrogen chloride), 
elementary atoms must have been divided in order to enter 
into the composition of a greater number of compound atoms: 
a fact necessitating a modification of part of his original 
hypothesis which Dalton was not prepared to concede. Tlie 
difficulty was overcome by Avogadro in his assumption of 
two orders of particles, viz. the molecule and the atom, the 
first of which, even if belonging to an element, may be 
divisible in the process of chemical change {ante, Chai)ter IX, 
Appendix, p. 3G5). Berzelius, who supported the law of simple 
combining volumes, pointed out in a letter to Dalton that 
this was ‘a matter in which it is only a case of measuring 
well or badly' ; Gay-Lussac’s measurements have stood the 
test, and his generalisation ranks as one of the fundamental 
laws of the science. 

II. Nature and scope of the law. 

^^hilst, except as far as tlie operation of the law of 
multiple ratios extends, there is no simple relation between 
the iveights of A and B, tlie constituents of a compound O 
{e.g. 2 parts by weight of hydrogen to 15-aa of oxygen, 1 of 
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h 3 ’dvogen to 3o'45 of clilorine), the very simple numerical 
relation formulated b^* Gaj'-Lussac holds for the volumes 
when two at least of the substances A., O are gaseous. 
This marks off sharply the gaseous from the liquid and solid 
state of aggregation, pointing to a greater simplicity of the 
structure of gases : 

Those [siinplel ratios by volume are not observed with solid or liquid 
substances, nor u licn avc consider weiglits, and they form a new proof that 
it is only in the gaseous state that substances are in the same circumstances 
and obey regular laws. (Gay-Lussac, ibid.) 


III. Experimental basis and verification of the law. 

The evidence on which Gay-Lussac had based his general- 
isfition was extensive. The data were derived partly from 
his own work and partly from that of others, either by the 
direct measurement of the combining volumes or by' the 
calculation of these from the composition by weight of (7 (if 
not gaseous) and the gaseous density' of at least two of the 
substances ^1, B and C. The gaseous compounds thus dealt 
witli were : 


Compound 

C 

Ammouium carbonate 
Ammonium chloride 
200 vols. ammonia 
Sulphuric anhydride 
100 vols. carbonic acid 
Nitrous oxide 
100 vols. nitric oxide 
Nitric peroxide 



Constituents 



100 vols. carbonic acid 

100 vols. hydrochloric acid 

100 vols. nitrogen 

100 vols. sulphurous anhj-dride 

100 vols. carbonic oxide 

100 nitrogen 

100 nitrogen 

100 nitrogen 


200 vols. ammonia 
100 vols. ammonia 
300 vols. hydrogen 
50 vols. oxygen 
50 vols. oxygen 
•49-5 vols. oxygen 
100 vols. oxygen 
204-7 vols. oxygen 


Obviously in most cases the numbers given are not those 
actually found, but the nearest whole mimbers; there is 
nothing in the 1309 paper of Gay-Lussac to show how close 
the appro.xiniation was, and it is clear that great accuracy 
was neither attained nor even aimed at. 

These values are all purely empirical (like combining 
weight ratios, specific gravities or specific heats), and thus thei*e 
is a fundamental difference between them and the hypo¬ 
thetical quantities such as the relative molecular weights. 
The methods employed in the measurement of combining 
volume i*atios make use of a great variety' of experimental 
devices for attaining the end in view, viz. either the decom- 
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position of C with the production of A or B or a mixtui-e of 
both in the gaseous form, or conversely, tlie synthesis of C 
from A and J?; the common feature of all such analyses and 
s 3 ’ntheses is that two at least of the three substances involved 
must be gaseous under ordinarj’ conditions. Since the daj’s 
of Hofmann, who devised ingenious methods and suitable 
apparatus for the quick and effective demonstration of gaseous 
analyses and syntheses illustrative of Gay-Lussac’s law*, the 
expei’iments known by his name are an essential feature of 
every course of lectures on general or theoretical chemistry, 
and the special apparatus is shown in every chemical api)a- 
ratus maker’s catalogue. 

Students are strongly recommended to make a thorough 
and carefiil stud^’ of the experimental woi*k b}' which the 
composition b^- volume of the most important simple gaseous 
compounds has been established. In doing so they should 
in each case consider the following points : the principle in¬ 
volved, the apparatus used, the experimental procedure, the 
results as obtained directh’ and their interpretation. It is of 
the utmost importance to be quite clear in each case, not 
onlj’ as to what tlie results obtained t/o show, but also as to 
what thc}’ tio not show, and to guard against errors of wliich 
the following may serve as an example: on decomposing a 
known volume of hydrogen chloride b}" sodium amalgam, and 
finding tliat the vohime of hy drogen produced is half that of 
the original gas, it is inferred tiiat the volume of chlorine 
withdrawn is also ecpial to half that of the original gas, 
the two between them making up the volume of hydrogen 
chloride used. 


The point at issue in the cxi>crimental determination of 
the volumetric composition of gases may be stated thus : If 
.1 and B are the constituents and C the compound, and if the 
corresponding volumes arc m and n and jf, then tlic data 
ref[nired are m : n and ui + n : jt ; ami since volume, unlike 
mass, is not an additive pioperty, l> experiments involving at 
least measurements arc necdeil. 


» Shown ut u lucture given to the Chemical Society at the Koval College of 
Cheniistiy. February 2nci, iHCo. 
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IV. Is the law exact? 

Until comparatively recently, since most of the measure¬ 
ments M'ere made Avith a view to supplying a lecture demon¬ 
stration of the relationship (like those of Hofmann already 
referred to), great accuracy was not aimed at, and the question 
of the degree of exactness of the law was not considered. 

A priori, kuoAving as Ave do that Boyle’s and Charles’ laAvs 
are not exact, but only true to a first approximation, it 
folloAvs that, even if exact for one particular set of physical 
conditions, the laAV of combining volumes cannot be exact for 
others. Actual measurements recently made have shown that 
at O'’ and a pressure of about 1 atmosphere, the deviations 
from simple Avhole numbers, though small, are quite definitely 
outside the limit of experimental error, thus : 

Hatio h\j volume in uhich hijdrof/en amt oxygen combine together to form water. 

Scott 2 •00285 ; 1 

Lcduc 20037 : 1 

2'0024 : 1 (corrected by Morley for the deviations from Boyle’s 

law not taken into account by Leduc). 

Morley 2*00268 : 1 

The table summarises our knoAvledge on this subject; the 
measurements present Avithin small compass a quite extra¬ 
ordinary variety of experimental methods and instances 
shoAving that Avith increased accuracy alloAvance has to be 
made for the influence of factors so small that the average 
stAidcnt, Avhen performing an illustrative experiment on the 
same lines, Avould never suspect their existence. The knoAv- 
ledge thus gained of the existence and the recognition of 
* coinple.xity Avhere at a first approximation simplicity is 
assumed ’ should Aviden the outlook of the students and 
should supply them A\ith a standard for the classification 
of the experimental Avork Avhich they read or hear about or 
do themseh es. 

V. Application of the law. 

If m vols. of A -f it vols. of 3= p vols. of C then 

n . density 3 _ combining Avt. 3 

m . density A combining Avt. A 

p , density C — m density A _ com bining Avt. 3 
7)1. density A combining Avt. A ’ 


or 



The Laiv of Combining Volumes 385 

and since by Gay-Lussac's generalisation m and n and are 
simple Avhole numbers, if the law were exact, the I’atio of the 
accurately measured densities of gases would supply direct 
accurate knowledge of the combining weights. This method 
differs fi’om those dealt with in the preceding chapter, in that 
when once the gases involved have been prepared in a state 
of sufficient purity, there is no further source of error due to 
loss of material or contamination with external impurities, 
such as is inevitably associated with the processes of analysis 
and synthesis required for the methods in which the weight 
ratio is determined directly. It is only comparatively recently, 
owing to improved methods of purifying gases and to the 
elaboration of the experimental processes for the accurate 
estimation of the quantities involved, that our knowledge of 
gaseous densities has become sufficiently exact to take a place 

among the standard methods for combining weight determi¬ 
nations ^ 

But from the equation as given above it is apparent that 
the density ratios can only be used directly, if w, n and p 
are exactly whole numbers, which is not the case. Various 
ways of surmounting this difficulty have been resorted to: 

(i) We must try to ascertain the values for the densities of 
the gases under consideration wlien these behave as perfect 
gases, when Boyle’s and Charles’ law and—the real point at 
issue here—Gay-Lussac’s law of combining volumes, would be 
exact. Now from the connection between these laws we are 
justified in assuming that the conditions which would produce 
this effect on one of the gases wouhl do so for all of them. 
But the result of many measurements has shown that the 
deviations from Boyles and Charles’ law diminish with 
decrease of pressure and rise of temperature, and it is there¬ 
fore justifiable to believe that under these same conditions 
m, // andy> would be sufficiently near to whole numbers to be 
considci ed as such, and that the values of the corresponding 

• One result of this, termed by Lord Rayleigh, to whom the achievement is 
due, ‘ the triumph of the last place of decimals,’ has been the discovery of 
aigon, which in turn brought about the discovery of the other inert gases neon, 
krypton, xeuou and helium. 


F. c. 
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densities would give directly the combining weight ratios 
sought. These so-called ' limiting densities' are found: 

(a) By actual measurement of the densities at very low 
pressures or high temperatures. Obviously working under 
these conditions increases the experimental difficulty and 
involves a correspondingly large experimental error. 

{h) By the application of corrections to the density values 
measured under ordinary conditions. The amount of the 
correction is in each case specific, and found through an 
equation which correlates the observed deviations from the 
coefficients of expansion and of compressibility with the 
deviation of the density from the so-called ‘ limiting value.' 
The following examples give an idea of the order of magnitude 
involved: 

Density nitrogenQ_jQ 

At ordiuai'y temp. 

and pressure At 1067® At very small pressure 

(Mean of various observers) (Jaquerod and Perrot) (Eayleigb) 

14-0036 14 0077 14-0090 

(corrected) 14-0073 

Weight of 1 litre of hydrogen chloride found at 0® and ordinary pressure=1*63915 

)) ,, ,, corrected for limiting density ^1-03698 

(ii) Actual accurate measurement of the combining 
volume ratio at the ordinary temperature and pressure at 
which the densities are measured. The results of such 
accurate measurements have been given already (p. 384). The 
students’ experiment referred to on p. 342, in which the com¬ 
bining weight of hydrogen was deduced from the density of 
hydrogen and oxygen and the combining volume I'atio, is an 
illustration of the application of this method ; it should not 
be necessary to point out that in such an experiment the 
deviations fi’om Gay-Lussac’s law do not enter into con¬ 
sideration. 

VI. Students’ illustrative experiments. 

1. Water. 

(1) Ratio hydrogen : ox 3 'gen. 

(a) By eudiometric synthesis. This experiment has been 
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dealt with in an earlier chapter, Exp. XXXII, p. 245 ; students 
are recommended to read the description of this experiment 
ill diiferent text books with the object of comparing the 
various types of apparatus used and of trying to form some 
opinion as to their specific advantages and disadvantages, 
with special reference to the following points: (a) initial cost 
of apparatus and material, (/3) liability of apparatus to break¬ 
age, ( 7 ) quickness of manipulation, (5) calculations involved, 
(e) accuracy of result. 

{b) By analysis. Electrolysis of acidified water. This is 
an experiment invariably shown in lectures, and there is not 
much point in repeating it as a students’ experiment except 
that it supplies practice in the setting up of a simple apparatus. 
Moreover the experiment is open to various objections. On 
the theoretical side, tlie fact that pure water does not conduct, 
and that the decomposition only occurs if an electrolyte 
(either acid, alkali or salt) is present in solution, obscures the 
issue ; there is no justification for the a jyi’iori assumption 
that only the water is decomposed, and the experiment b}' 
which it can be proved that as far as the actual results go 
this is what tlie reaction amounts to, though fairly simple, 
diverts the students’ attention from the point at issue to the 
various physical phenomena involved. On the practical side 
there is the drawback that the accuracy is not great, there 
being two sources of error, each tending to make the volume 
of oxygen too small : 

(i) Oxygen is more soluble in water than is hydrogen : 

Oxygen Hydrogen 

c.c. c.c. 

•049 -021.5 

•034 -0190 

(ii) Secondary reactions occur, sucli as the production of 
some ozone—a denser form of oxygen—and hydrogen per¬ 
oxide, which remain in solution. If however it is decided to 
perform the experiment, a very simple form of apparatus 

M'hich can be put together quickly and at small cost is shown 
below. 


At 0^ and 7G0 mm, 1 c.c. water dissolves 


15 


f 9 


if 


9 t 


11 


25—2 
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Simple foi'm of apparatus to shotv electrolytic decompo¬ 
sition of water. 


A, Inverted bottomless bottle contain¬ 

ing acidulated water. 

B. Paraflined cork through which 

platinum wires pass. 

CC. Eplectrodes made of platinum foil. 

DD. Graduated tubes for collection of 
products of electrolysis. 

EE. Wires connected with battery. 


Fig. 68. 

(c) Indirectly from the composition by weight and the den¬ 
sities of the component gases. In Chapter IX, p. 342, a value 
for the gravimetric composition of water, and hence for the 
combining weight of oxygen, was deduced from the volume 
ratio liydrogen : oxygen, together with the densities of these 
gases. Conversely, by using the gravimetric composition 
as the antecedent datum, we can deduce the volumetric 
composition : 

\Vt. hydrogen Wt. oxygen 

Density hydrogen ' Density oxygen ~ ^ ’ 

(2) Ratio vol. oxygen-H vol. hydrogen ; vol. steam. The 
measurement of this ratio is also almost invariably made 
the subject of a lecture experiment, and all text books give 
pictures and descriptions of the apparatus used ; the lU'inciple 
consists in tlie direct synthesis of steam from volumes of the 
two constituents in the ratio in which they combine at a 
tein])erature well over 100®, and the measurement of the 
volume formed ; knOAvIedge of the combining volume ratio 
li 3 'drogen : oxygen is required as an antecedent datum. 
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Data which can be used for the indirect measurement of 
this ratio have been found in previous experiments thus : 

2 X density hydrogen + densit 3 ’' oxygen = density steam 

2 X *09 + 1*43 =ccx-82 

a? = 2, 

i.e. in the combination of 2 volumes of hydrogen with 1 
volume of oxygen, 2 volumes of steam are formed, that is, 
the contraction is one-third the volume of the mixed gases. 

2. Carbon dioxide. 

Ratio oxygen : carbon dioxide determined by direct syn¬ 
thesis. Carbon is burned in a known volume of oxygen (pure 
or mixed with an inert gas), and we note the change in the 
total volume of the residual gas, or we actually measure the 
volume of carbon dioxide formed by the contraction produced 
on absorbing it with potash. The experiment has been dealt 
with in Chapter VIII, p. 311. 

3. Methane. 

(i) Ratio methane : hydrogen. * 

(ii) Ratio methane : carbon dioxide. 

(i) Decomposition by sparking of a known volume of 
methane, and measurement of the hydrogen liberated. 

(ii) Explosion of a known volume of methane with excess 
of oxygen, and measurement of the carbon dioxide produced 
by absorption with potash (antej p. 310). 

4. Hydrogen chloride. 

(i) Ratio hydrogen chloride : hydrogen. 

Found by analysis of a known volume of the pure drt/ gas 
from which the chlorine is withdrawn by sodium amalgam, 
the residual hydrogen being measured. 

The principle of the experiment is the same as in Gray 
and Burt’s accurate measurement in which heated aluminium 
was used instead of the liquid sodium amalgam. 

Experiment LU. To find the volume of liydrogeii liberated from a 
known volume of dry hydrogen chloride. 
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The sodium amalgam a solution of metallic sodium in merciu'y—is 
easily made by picking up with a pestle reiy small shavings of sodium made 
by cutting up on a porcelain slab a lump from which the outside oxidised 
portions have been removed. About 50 c.c. of dry mercury are put into a 
small mortar, and 5 grams of the cut-up sodium are introduced gi’adually, 
by dipping the pestle with the adhering sodium under the mercui*y and 
rubbing gently against the bottom of the moi*tar until a slight crackling 
noise indicates that solution has occurred. If the pieces of sodium are 
made small enough, the reaction takes place mthout violence, othenvise 
there may be an occasional little flash ; after the fii*st few pieces have been 
brought into solution, a process accompanied by the evolution of heat, the 
rise of temperature causes the reaction to occur much more quickly. The 
amalgam should as soon as made be transfeired to .a, small, perfectly dry and. 
well-stoppered bottle. 

The hydrogen chloride is made in the usual manner by the action of 
concentrated sulphuric acid on lumps of rock salt. The need of very 
thorough drying should be borne in mind ; at least two gas wash-bottles 
with concentrated sulphuric acid should be employed. 

The kind of tube used for the decomposition of the gas, and the measure¬ 
ment of the residual hydrogen depends entirely on the degree of accuracy 
aimed at. Considering the many sources of error, the e.xperiment might be 
treated, not as an opportunity for practice in accurate mesisurement, but 
just as an illustration barely laying claim to be called a quantitative experi¬ 
ment, of the principles of a method at best carrying so many eirors that 
it would not be employed in research work. 

In this case an ordinary gi*aduatcd tube, or even a large test-tube, may 
be used, the volumes it is required to determine being marked by means of 
a thin indiarubber band and subsequently mc^isured with water and a 
graduated cylinder. The tubes, whose total volume is ascertained at the 
very beginning or the end of the experiment (in the csise of the graduated 
tube this consists in finding the vohime of the piece between the last of the 
graduations and the open end), are thoroughly dried* and filled by down¬ 
ward displacement with dry hydrogen chloride delivered at a slow rate, the 
clelivcry tube being slowly withdraw'ii (so as to get the volume vacated filled 
by the gsis and not by inrushing air) when the appearance of fumes at the 
mouth of the tube indicates tluit it is fiill^ About 5 to 10 c.c. of the amalgam 
are i)Oured in rapidly, and a cork pushed in straight and quickly, so as to 

* Binsing several times with small quantities of a mixture of alcohol and 
ether, and then sucking or blowing out the air whilst gently warming, is a quick 
and effective method ; of course the sucking or blowing must be continued until 
the tube is quite cold again. 

Students are recommended to try and get some definite idea as to tbe 
efficiency of this method of filling by means of a blank experiment, in which 
after tbe withdrawal of the delivery tube the vessel supposed to be full of 
hydrogen chloride is closed with the thumb (or with a well-fitting plate or a 
cork) and opened under water, and the volume of gas which remains unabsorbed 
ascertained as a fraction of the total volume of the vessel. 
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justify as much as possible the assumption that we are keeping in the tube 
the amount of gsis which filled it right up to the open end. The volume Kg 

occupied by the amalgam is next read or marKed, after which the tube is 
shakeu vigorously for a couple of minutes or so, when it becomes very 
warm. The cork is next taken out under water which by being allowed to 
stand for some time has been brought to the teniperatui*e of the room, the 
amalgam drops out, the levels are equalised, and the volume of the hydrogel, 
is read or marked. All these operations should be performed very 

quickly, to reduce as much as possible the error introduced by the inchision 
in of some hydrogen pi’oduced by the action on water of any sodium 

amalgam clinging to the sides of the tube. 


Record of results. 


Volume of 
hydrogen 

Total volume Volume of chloride 

of the tube amalgam used 


Volume of 
residual 
hydrogen 


Volume of hydrogen 
obtained by the 
decomposition of 
2 vols. of hydrogen 
chloride 


V 

100 + 14-5 



8 c.e. 


r-Kg Vn 

= A 

106'5 c.c. 54*5 c.c. 


A 

1-02 


Summary of results obtained by a class of students. 


I. With simple apparatus as above described. 





2B 


A 

ii 

A 

Student A 

102 

59-o 

(1-17)* 

B 

106-5 

54-5 

1-02 

C 

94 

48o 

1-03 

D 

69 

45 *5 

1-02 

E 

109 

57 

1*04 

F 

91 

48 

(1-05) 

G 

84 

42‘5 

1-Olt 



Mean 

1*025 

With more elaborate apparatus as described further 




27? 



II 

“i" 

Student A 

200 

109 

(l-0{0^ 

B 

200 

100 

100 

C 

200 

99-5 

-995 

D 

200 

1010 

101 


Mean 1-005 


* First tube filled after starting hydrogen chloride current; evidently all the 
nir had not yet been expelled from the apparatus. 

-j- Last tube filled. 

X From the fact that another tube prepared in the same way but not used 
was found to' have deposited a coating of moisture, it is justifiable to assume 
that the tube used was not dry. The other tubes were then dried by the more 
thorough process of rinsing with alcohol and ether, etc. 
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Critical examination of these results shows that ia the 
experiment with the simple apparatus the deviation of the 
values from each other and from the standard value are 
greater than in the series obtained when a more elaborate 
apparatus was used ; also that throughout the values are too 
high, indicating the presence of some constant error or errors. 
Students are recommended to consider this question, and to 
try to form an opinion on the basis of the following data : 


Source of error. 

(i) Gas used eoutammated with air. 

(ii) Tube not quite dry—an additional 
aiuount of hydrogen chloride present 
lu Solution. 


Effect on final result. 
Volume of residual gas too great. 
Volume of residual gas too great. 


(iii) Original gas measured is dry_ 

residual hydrogen measured ismoist, 
therefore pressure in first gas is that 
of barometer, D, and pressure of 
hydrogen li - r. 


(iv) The decomposition has been in¬ 
complete, owing either to insufficient 
amount of sodium or iusufiScicnt 
shaking, and sonic hydrogen chloride 
soluble in water remains behind. 

(v) Amalgam clinging to sides of tube 
gives rise to evolution of additional 
hydrogen. 

(vi) In pushing home the cork (simple 
apparatus) instead of compressing 
all the gas originally present into 
the tube, some escapes into the air. 


Apparent volume of hydrogen too great, 

in the ratio ^ , which at a pressure 

of 7G0 mm, and a temp. 18® is 
760 760 , 

76^-15 == = about 1-02. an error 

of+2‘>/„. 

Volume of residual gas too small. 


Volume of residual gas too great. 


Volume of original gas is supposed 
greater than it is in reality, and 
hence volume of residual gas is by 
comparison made too small. 


It becomes evident at once that when, as in the case of the 
experiment with the simple apparatus, all these errors are 
likely to be operative, tlie preponderating effect is to make 

2^. I 

too large. 


Several of the above errors can be completely eliminated, 
and all the others except (iii) reduced by the use of a more 
complicated apparatus, tlie construction and use of which 
should be fairly evident from fig. 6J>, ver 3 ' few points requiring 
special mention. 

*lhe graduated tube A. specially made^ for the purpose 


^ A lavge burette could easily be so adapted as to secure maDj of the special 
advantages of this arrangement. 
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of this and similar volumetric experiments holds between 
the two taps 200 c.c. Great care must be taken to have 
both taps air-tight; lubrication with some grease—lard or 
one or other of the mixtures specially sold for the purpose— 
is essential. Tlie process of filling is identical with that 
described ante^ p. 43, see also fig, 5, p. 42. The hydrogen 
chloride contained in the cup above the tap is removed 
by suction (water pump or aspirator) or by blowing (hand 



or foot bellows); the passage of the amalgam fi*om the cup 
into the graduated tube is brought about by cooling the 
tube by means of a little ether dabbed on the outside. Of 
course care must be taken in manipulating the tap not to let 
all the amalgam drop into the tube, whereby an opening 
would be left through which air could pass in. The opening 
of the tap under water is done in a largish vessel just as 
with the simple apparatus, so as to allow the amalgam to fall 
out, and by rapid shaking of the water that has entered the 
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tube as much as possible of the amalgam is washed off; 

the equalising of the pressure is effected by shutting tI 

detaching the tube K from A and connecting with the 

levelling tube by slipping on the rubber tube L, which of 

course must be completely filled with water, after which 
and the clip are opened. 

The advantages of this apparatus as compared with the 
very simple arrangement first described are the certainty 
of complete filling, reduction of the number of measure¬ 
ments required (no deduction for amalgam, no addition for 
ungraduated part of tube), ease in adjustment of the level 
and consequent great accuracy of volume reading. The error 
due to the hydrogen measured being moist is of course of 
some magnitude. This, as well as any error due to hydrogen 
evolved by the action of the remnants of the amalgam on 
water, can be avoided by filling the levelling tube with 
mercury instead of water and connecting with it as soon as 
the decomposition by the amalgam is supposed to be com¬ 
plete; the drawback to this procedure (besides the cost of 
the mercury, which before being used for another experiment 
would have to be carefully purified) is that the amalgam 
is apt to cling so tenaciously to the tube that it becomes 
difficult to set and read exactly the level of the mercury. 

(2) Ratio hydrogen : chlorine, found indirectly fi’om the 
antecedent data Density hydrogen Z>h ; density chlorine Z^ci 
{ante, p. 41); density hydrogen chloride Z)hci {ante, p. 41); 
volume ratio hydrogen : liydrogen chloride (determined in 
preceding experiment). 

-£>h + a?/>ci = 2, 

M'hicli by substituting the numbers actually obtained in the 
students’ illustrative experiments (see pp. 342, 47, 13), gives 
for X 


0'88 + X . 3*228 = 2 x 1*688, 



3*376-0*088 


3*228 


-= 1 02 . 


As we know the value for Z>hci to be unreliable (recall 
criticism in Introductory chapter), 1*02 is a very fair approxi- 
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mation to the whole numbei*. The combination of (1) and 
(2), therefore, gives that complete information about the 
composition of the gas hydrogen chloride which (1) alone 
does not supplj^ and we can state that 2 vols. liydrogen 
chloride are formed by the combination of 1 vol. hydrogen 
and 1 vol. chlorine. 


5. Ammonia. w 

(1) The ratio hydrogen : nitrogen can be found by a method 
which is known by the name of Hofmann, its originator. It 
consists in tlie action of excess of ammonia on a known 
volume of chlorine, wliich, abstracting the amount of hydro¬ 
gen required by it {Le. a volume equal to itself—see above), 
liberates a volume of nitrogen which in the ammonia was 
combined with that volume of hydrogen ; hence 

^hydrogen • ^nitrogen ^chlorine taken • I^residnal uitrogeii. 


Experiment LIII. To show the general action of the Italogon 
elements on liydrides, an action which is utilised in tlie cxperiincnts on 
the volumetric composition of ammonia. 

(1) The .action of chlorine on 

(i) Water. The e.xperimcnt of ilocomposing water by chlorine in sun¬ 
light and collecting the oxygen evolved is a very popular one and intended 
to explain the mccliani.sm of the bleaching action of chlorine ; it is described 
in a number of text books (Xowtli, Inurganic Chemislrtf ; A. Smith, Intro- 

to Inorganic Cficinixtri/ ; Ueynold.s Hj'jieriinental Cheintstry, 
vol. II, etc.) and generally takes the form of standing chlorine water con¬ 
tained in a suitable vessel in a window in bright sunlight, and tc.sting the 
gas evolved after a sufficient amount of it has collected. There is no 
corresponding action produced if hroinine or iodine are u.sed in.stead of 
clilorine. 

(ii) Sulphuretted hy<lrogen, which by analysis as well as by synthesis 
can easily be .shown to he hydrogen sulphide. 

Lead sulphuretted hytlrogeii gas into ehhu'ine water, an<I note the 
separation of suli)hnr ; sh«)w that in tlie pre.sencc of excess of chlorine the 
action goes further, resulting in the production of sulphuric acid : using 
a small volume of sulphuretted hydrogen water (abt)ut 1 e.e. of a strong 
solution diluted to 20c.c.) add strong chlorine water; as s(»on as no more 
sulphur sccm.s to .separate out, b<ul the solution, adding more and nu»re 
chh)rine water until it has become quite clear ; then test for sulphuric acid 
in the usual manner. If an apjjaratus for the ev<*lution of chlorine gas is 
avail.able, use the ga.s instead of solution, wherehy the reactimi will he 
greatly aceelerate<l. 
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(2) The action of bromine on 

" observation that bromine 

(b.) Sulpburetted hydrogen. Using bromine water, proceed as witl, 
boi ine. llic action of bromine on the gas is similar to that of chlorine. 

of bromi^mTdcr' If'"‘f bori' ative of ammonia, such as urea. Instead 

brandtr ,^?.! i f 1 "'-ay be .used in tl.e form of sodium hj-po- 

soda imt \ f; ‘ ob<lition of bromine to a cold solution of 

bron,it^"wi”^l ‘'"‘'"0"*;^ ‘‘dd slowly a fairly strong solution of bypo- 

the e adnf on decoloration produced in the yellow liypobromite, aL 

w iterVi if II ^ colourless gas which when collected (over boiled-out 

le faliff if li 'bafacteristie negative tests for nitrogen. It will add to 

in f «'l>c' "ncnt If some of tl.e students use a solution of urea 

iiKstead of annnonia. 


(3) The action of iodine on 

(i) AVater—no effect. 

(ii) Sulphuretted hydrogen. Put a small amount (not more than 
0- giain) of iodine into a flask, and pour on it about 200 c.c. of strong 
solution of sulplinretted liydrogen ; note the separation of sulphur and the 
l>roduction of a deep coloured solution of the excc.ss of iodine in the hvdi i- 
oclic acid formed. Pas.s in sulphuretted hydrogen until the solution is 
decolorised, and shake, when probably the colour will reappear, and repeat 
the process until all the iodine has been used up; remove excess of sulphu¬ 
retted liydrogen by sucking air through the solution, filter from pre¬ 
cipitated sulphur, and test the clear filtrate for (a) free acid, (b) iodide 
(c) .sulphate. Of this latter very little or none will be found, 

.showing the action of chlorine and bromine to be different froni 
that of iodine as regards the change of sulpliur to sulphuric acid. 

£xperiment XiIII. To find the volume of nitrogen liberated 
from excess of ammonia by a known volume of chloniie (Hofmann’s 
experiment). 

A graduated gas tube of 200 c.c. cajiacity (see fig. 70) is pro¬ 
vided with a very well-fitting rubber cork through which passes 
a small funnel with a glass tap, made air-tight by careful lubrica¬ 
tion (a dropping funnel with bulb of 25 c.c. capacity, part of the 
stem of which has been cut off, serves well). Tlie volume of the 
tube between the end of the gi aduatioiis and the place indicated 
in some manner certain not to be obliterated in the com*se of the 
experiment, is measured. The tube is filled with chlorine, all 
possible care being taken to en.sure the absence of air; using the 
arrangement depicted on p. 42, it is possible to postpone the 
collection of the chlorine until there is definite evidence of 
all air having been expelled from the generating appamtus and 
tlie wash-bottles. As regards the actual filling of the tube, this 
may be done by downward displacement through a long glass 



^ — f4t 



44 — 4 < 

44 -^ #0 




397 


The Lmo of Combining Volumes 


tube reacliiiig down to tlie bottom, which is witlidrawn when, judging- 
by the colour, the graduated tube is supposed to be full. The sohibilitv of 
chlorine in water is comparatively small, so that the absolute dryness of the 
tube is not so much a consideration sis it was in the experiments with 
hydrogen chloride; moreover, the gjis being practically insoluble in a 
satui-ated solution of sodium chloride, the tube can be filled with chlorine 
by collection over this liquid, in which case however some special precau¬ 
tions {e.g. closing under the liquid with a cork) will have to be taken in 
order to prevent loss of gas on inversion prior to tlie insertion of the cork 
and funnel. The tube having been filled and the c»>rk and funnel (with the tap 
closed) pushed in to the mark, the tap is opened for a second to allow the 
excess of gas to escape. 2 to 3 c.c. of strong ammonia solution are then 
put into the funnel, the tube cooled by means of a little ether dabbed on 
with a piece of cotton wot)l, ami the ammonia allowed to run in drop 
by drop ; this latter process requires very careful manipiilation of the tap, 
and students will do well to practise in a blank exjierimcnt with a tube 
containing only air. As each drop falls in, there is a vigorous action marked 
by a flash of light, the formation of a dense cloud of white solid ammonium 
chloride, and the disappearajice of the green colour of the chlorine. The 
careful introduction of ammonia must be continued until the green colour of 
the chlorine has completely disappeared ; when this ha.sbeen accomplishcil, 
the gaseous contents of the tube are nitrogen, wjiter vapour aiul ammonia. To 
remove the excess of ammonia, the pressure of wljicli is considerable, the 
remainder of the ammonia is removed fr<un the bulb and dilute sulphuric 
acid run in as long as it will do .so ; owing to the initial consi<lcrable 
difference in pressure insi<le and outside tlie tube, the li([uid tcmls 
to rush in, and sigain care is required in tlie maniinilation of the 
tap U) prevent the cmj)tyiug of the funnel and con.sequent inrush of 
air. When the inflow' of litpiid has almost ceased, the tube (which has 
become hot owing to the heat evolved fir.st in the bui'jung of the 
ammonia ami then in the neutralisation of the excess of ammonia) is 
clamped and left to take the temperature of the room, after which the tap 
IS (*pened again to let the few dr<»ps of li(jui<l flow in which arc re(piired to 
make up for the contraction of the gsrs on cooling. 'The volume of the 
residual gas is then read. 


The majority of text books contain a (lescription of this 
experiment as performed with the apparatus originally de¬ 
scribed by Hofmann. The present writer has not been able 
to find anywhere cither actual numbers obtained or any 
information as to tlic accuracy attained or the si)eeial dilli- 
cultics presented, and lienee wonders if the experiment is 
really done as often in practice as it is described in print. 
In the writer’s laboratory the experiment has for many years 
been included in the regular euur.se, not as a demonstration 
but as a students’ experiment, using the very simple apparatus 
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depicted on ij. 396. The results have not been uniformly satis¬ 
factory; the volume of the residual gas was found to be too 
laige, probably in consequence of the difficulty attendant on : 
(i) filling^ the tube completely with chlorine; (ii) getting a 
tap sufficiently well fitting to prevent the entrance of some 
air when, owing to the action that has occurred, the pressure 
inside the tube is only about 1/3 of that of the atmosphere. But 
provided thesedifficulties are realised from the outset and as far 
as possible guarded against, the experiment is well worth doing 
in the simple manner which does not require special apparatus. 

Of the various errors affecting the value found, the follow¬ 
ing require consideration : 

(i) Tlie nitrogen measured is moist, and if the original 
chlorine was dry (as would be the case if collected by downward 
displacement) the volume of the nitrogen will appear too large. 

(ii) The pressure under which the nitrogen is measured 
is that at the final closing of the tap, and is therefore made 
up of the atmospheric pressure phis that of a column of dilute 
sulphuric acid equal to the distance between the open end of 
the stem and the level of the liquid in the bulb of the funnel; 
this may amount to something between 50 and 100 mm., 
corresponding to 4 to 8 mm. of mercury, and whilst acting in 
a direction opposite to the error due to (i), will not com¬ 
pletely counteract it. 

Many of the difficulties encountered and the sources of 
error are removed by using, in place of the simple apparatus 
above depicted, the special gas tube described in connection 
with tlie experiment on the volumetric composition of hydro¬ 
gen chloride (see fig., p. 393): the complete filling with chlorine, 
the neutralisation of tlie excess of ammonia, the adjustment 
to atmospheric pressure by the inflow of dilute sulphuric acid 
are all sim 2 >lified, and in tlie writer's experience concordant 
results in good agreement with the standard value are ob¬ 
tained. There is the further great practical advantage that 
tliere is no trouble with the excess of chlorine, and no 
mechanical difficulties such as occur when the tubes must be 
filled in a draught ciqiboard, since the whole process can be 
carried out at the laboratory bench. 



The Law of Combining Volumes 


399 


Specimen note-book entry and summary of results. 

The Volumetric Composition of Ammonia; determination of the ratio 
hydrogen : nitrogen by Hofmann’s chlorine experiment with the simple 
apparatus described on p. 396. 

Volume ratio 


Student A 
B 
C 
D 
E 
F 
G 


Volume of dry chlorine 

Volume of moist ] 

used to decompose some 

nitrogen left be- 

of the ammonia present 

hind as the result 

in excess, the action 

of the decomposi¬ 

consisting in the for- 

tion of an amount 

mation of hydrogen 

(unknown) of am¬ 

cnloride by the with¬ 

monia which yield¬ 

drawal from the am¬ 

ed a volumes of 

monia of a volume of 
hydrogen equal to the 
volume of chlorine taken 

hydrogen 

a 

b 

1 

96-8 

f 

30-4 

96-8 

32-2 

215 

74 

220 

73 

214-5 

73*5 

206 

69 

221 

75 


ZMean 


a : b 

(S-19) 

301 

2-90 

301 

2-92 

2-98 

2-95 

2*96 


(2) The determination of the ratio ammonia : nitrogen. 
The principle of tlie reaction used in the analysis is identical 
with that of the previous experiment, consisting as it does in 
the withdrawal of the hydrogen by means of a halogen and the 
measurement of the residual nitrogen ; but whilst in Hofmann’s 
chlorine experiment a known volume of gaseous halogen acting 
on an unknown amount of ammonia present is made the 
measure of the hydrogen, in this case-bromine in the form of 
a solution of hypobromite is made to act on a known volume 
of ammonia, from which it withdraws an unknown volume 
of hydrogen. The experiment is described by Sir William 
Ramsay {Experimental Proofs of Chemical Theory, p. 59 ), and 
also by Mr Vaughan Cornish {Practical Proofs of Chemical 
Laws, p. 72), who introduces some modifications. The main 
points are that a carefully dried graduated tube is filled by 
upward displacement with ammonia obtained by heating a 
stiong solution of the gas (immersion of flask containing the 
solution in hot water) and subsequent drying by passage over 
soda lime (see fig. 71). The tube is then placed in a dish 
containing a solution of hypobromite of suitable strength 



Flask containing concentrated solution of ammonia 
immersed in bath of warm water. 
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Fig. 71. 
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{ante, p, 396), left until no further volume change seems to 
occur, and transferred to a deep vessel containing water at 
the temperature at which the ammonia was collected; the 
tube is clamped and allowed to stand until its temperature is 
that of the water, the levels are adjusted and the volume of 
nitrogen is read. In the results quoted by Mr Vaughan 
Cornish the ratios found were 1*983:1; and 2*016:1, 
Discarding the last figure, which considering the probable 
errors in the measurements has no meaning, tlie devia¬ 
tion from the whole number 2 is l7^, which would be 
quite satisfactory but for the fact that the volume com¬ 
parison having been made between dry ammonia and moist 
nitrogen, tlie volume of the latter is affected by an error 
of about 2%. No notice is taken of this in the discussion of 
the result. Moreover, the fact of the nitrogen being in this 
case evolved in the liquid, which unless allowed to stand for 
a considerable time and agitated is apt to become super¬ 
saturated, makes an ai>preciable ei’ror due to this cause more 
than probable; the eflect would be to make the volume as 
measured too small, an error in the opposite direction to the 
first one. As pointed out by Cornish, since the solubility of 
the ammonia in the strongly alkaline hypobromite solution is 
but small, the reaction occurs mainly near the surface of the 
solution, which thereby is soon deprived of the active hypo¬ 
bromite (made evident by the loss of the yellow colour), after 
which, if left to itself, the velocity' of the reaction becomes 
very small, and some mechanical help is necessary to mix the 
solution and bring more hypobromite into contact with the 
ammonia. This difficulty becomes more marked, the narrower 
the gas measuring tube used ; wliich lands us on the horns of 
the dilemma that whilst accuracy of measurement demands 
a narrow tube, the desirability of completing the experiment 
within reasonable time points to the use of a wide one. In 
the writer’s experience this difficulty has proved so serious 
that the experimental piocedure has been modified by using 
a 100 c.c. tube fitted with a cork and funnel just as in the 
previous experiment; the tube is filled bv downward dis¬ 
placement as described by Ramsay and by Cornish, and the 
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cork with the funnel-tap closed is pushed in from below, after 
which the pressure in the tube is brought to that of the 
atmosphere by opening the tap for a second. Some hypo- 
bromite solution is then run in, the tube being at first kept 
cool by means of ether. The hypobromite should be added 
about 5c.c. at a time, and before each fresh addition the 
contents of the tube should be well shaken ; the complete 
decomposition of the ammonia is shown by the liquid in the 
tube retaining the yellow colour of the last lot of hypobromite 
added. It remains to measure the nitrogen formed, for whicli 
purpose the pressure in the tube must first be brought to 
that of the atmosphere by opening the tap and allowing 
hypobromite solution, or preferably water, to run in as long 
as it will do so ; but caution is necessary, and the l unning in 
of the liquid must be postponed until after several vigorous 
shakings separated by intervals of standing, the maximum 
possible amount of the nitrogen dissolved in the liquid in 
which it was formed has been expelled. Unless this precau¬ 
tion is taken, the inrush of liquid will be too great, and the 
nitrogen gradually escaping from the solution will either be 
retained in the tube at too high a pressure or some will 
escape when the tap is opened. The result as obtained by 
this experimental procedure is affected, just as the volume 
measurement of the nitrogen in Hofmann's chlorine experi¬ 
ment, by two constant errors acting in opposite directions, 
viz. the pressure of the gas inside the tube is made up of that 
due to nitrogen and to aqueous vapour, and is equal to that 
of the atmosphere as indicated by the barometer plus that 
of the column of liquid in the dropping funnel. This expei'i- 
ment also is improved by the substitution of the special gas 
tube above described for the simpler form of aj)paratus (see 
fig. 69). 
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